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Tumor-associated macrophages (TAMs) are an indispensable part of the tumor
microenvironment (TME), and they likely play a negative rather than positive role in
cancer treatment. However, the cellular landscape and transcriptional profile regulation
of TAMs in the case of tumor gene inactivation or chemical interference remains unclear.
The B-cell lymphoma 9/B-cell lymphoma 9-like (BCLO/BCLOL) is a critical transcription
co-factor of p-catenin. Suppression of Bcl9 inhibits tumor growth in mouse models of
colorectal cancer (CRC). Here, we studied the TAMs of CRC by single-cell sequencing.
Bcl9 depletion caused macrophage polarization inhibition from MO to M2 and changed
the CRC TME, which further interferes with the inflammation of MO and M1. The
transcription factor regulating these processes may be related to the Wnt signaling
pathway from multiple levels. Furthermore, we also found that the cells delineated from
monocyte to NK-like non-functioning cells were significantly different in the BCL9-
deprived population. Combining these data, we proposed a TAM-to-NK score to
evaluate the dynamic balance in TME of monocyte/TAM cells and NK-like non-
functioning cells in The Cancer Genome Atlas (TCGA) clinical samples to verify the
clinical significance. We demonstrated that the cell type balance and transcription
differences of TAMs regulated by BCL9-driven Wnt signaling affected immune

Abbreviations: CRC, colorectal cancer; DFS, disease-free survival; GSEA, Gene Set Enrichment Analysis; GSVA, Gene Set
Variation Analysis; HCC, human hepatocellular carcinoma; HPLC, high-performance liquid chromatography; HR, hazard
ratio; hsbcl9, hsBCLICT-24; KD, Bcl9-shRNA; Maxstat, maximally selected statistical status; MMR, mismatch repair; MS, mass
spectrometry; NT, Non-targeting shRNA; OS, overall survival; PCA, Principal component analysis; Perl, Period Circadian
Regulator 1; RRID, Research Resource Identifier; TAMs, Tumor-associated macrophages; TFT, transcription factor targets;
TME, tumor microenvironment; t-SNE, t-distributed stochastic neighbor embedding; UMAP, Uniform Manifold Approxi-
mation and Projection; UMI, unique molecular identifier; Veh, vehicle
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surveillance and inflammation of cancer, ultimately affecting patients’ prognosis. We
thereby highlighted the potential of targeting Wnt signaling pathway through cancer

Wei et al.
immunotherapy.
Keywords: colorectal cancer,
microenvironment
INTRODUCTION

Tumor-associated macrophages (TAMs) are the most significant
cluster of immune cells infiltrating colon cancer (Li et al., 2020).
TAMs play a central role in the formation of the tumor
microenvironment (TME) by secretion of cytokines and
chemokines. The roles and phenotypes of TAMs in colorectal
cancer (CRC) are controversial, however, and previous studies
have reported opposite results. Inhibition of CRC cell growth was
achieved with co-culturing CRC cells with PMA-activated U937 cells
(Forssell et al., 2007). In contrast, the proliferation of CT26 colon
carcinoma cells was stimulated when the cells were co-cultured with
macrophages derived from the peritoneal cavity (Luput et al., 2017).
These conflicting observations may stem from the different origins
of macrophages and suggest that the in vitro experiments do not
reproduce the exact features of TAMs in CRC. A previous study
revealed that TAMs differentiated from monocytes induced by CRC
tumor cells had enhanced the expression of chemokines, antigen
presentation, and T-cell co-stimulation molecules, thereby
promoting T-cell antitumor responses (Ong et al., 2012). In 2020,
a systematic review and meta-analysis summarizing 27 studies with
6,115 patients indicated that the role of TAMs depended on the
infiltration location and mismatch repair (MMR) condition (Li et al.,
2020). In that study, better 5-year overall survival (OS) was related to
a high density of TAMs in the tumor, which was more prominent in
MMR-proficient patients (Li et al., 2020). Stratification by TAM
infiltration location revealed that a high density of CD68 + TAMs in
tumor stroma and tumor islet plus stroma (but not in tumor islet
cells) predicted a favorable OS (Li et al, 2020). Other studies
supported these results. For example, Forssell and colleagues
found a high density of CD68 + macrophages along the tumor
front to be a good prognostic marker for colon cancer (Forssell et al.,
2007). Waniczek et al. (2017) suggested that intense M2
macrophages (CD68 + iNOS-) infiltration within the tumor
stroma was associated with shorter disease-free survival (DFS)
and OS. In contrast, intense infiltration at the tumor edge and
the surrounding tissues was associated with a lower recurrence rate
(Waniczek et al., 2017). In resected colorectal liver metastases stained
for CD68, a high density of TAMs correlated with longer DFS
(Cavnar et al., 2017).

Macrophages are known to polarize, heading to either the M1 or
M2 phenotypes. M1 is a proinflammatory phenotype, whereas M2 is
anti-inflammatory. In cancer, several lines of research have
suggested that M2 promotes tumor progression, metastasis, and
angiogenesis (Ruffell et al,, 2012). In most cases, TAMs are thought
to be M2 and related to poor prognosis (Hao et al., 2012); however,
the scenario is more complex in colon cancer. In addition, M2 also
promotes metastasis in various ways, including MMP-9 expression
(Vinnakota et al,, 2017), miRNA-containing exosome secretion (Lan

tumor-associated macrophages, wnt signaling, BCL9, tumor immune

et al,, 2019), and regulation of epithelial-mesenchymal transition
(Lee et al,, 2020). Immunohistochemistry (IHC) of CRC samples
verified these results. Patients with a high CD206/CD68 ratio had
significantly poorer DFS and OS (Feng et al.,, 2019a). Among 232
patients with CRC, Kaplan-Meier analysis revealed that M2/M1 >3
was related to significantly worse DFS and OS (Lee et al., 2020).
Nonetheless, the dominant phenotype of TAMs in colon cancer is
debatable, and the balance of M1/M2 changes in different periods in
sporadic CRC resulting from the adenoma-carcinoma sequence
(Isidro and Appleyard, 2016). Edin and colleagues found that when
exposed to RKO, SW480, and Caco2 (i.e., CRC cell line-derived
conditioned medium), the TAMs resembled the morphology and
cell surface phenotype of M2 macrophage populations, but they
showed a “mixed” M1/M2 macrophage phenotype with respect to
cytokine and chemokine expression patterns (Edin et al,, 2013).
Following the former results, a study in 2018 reported the
differentiation of monocytes into a mixture population of M1/M2
induced by colon cancer-derived conditioned medium (Sawa-
Wejksza et al,, 2018). Another study analyzed genes expressed by
the TAMs and mapped them into biological functions to see whether
TAMs were pro- or anti-inflammatory. Those genes were involved
in inflammation (18%), differentiation (18%), chemotaxis (8%),
MHC class II antigen presentation (3%), and phagocytosis and
endocytosis  (2%) (Ong et al, 2012), thus revealing a
proinflammatory phenotype. These results suggested that TAMs
in colon cancer cannot be simply identified as M1 or M2 phenotype.
It is still useful, however, to consider that in various functional states,
where M1 and M2 are extremes, re-educating TAMs to the M1
phenotype may be an efficient anticancer strategy.

Wnt signaling is essential in the proliferation and innate immune
function of macrophages. Combretastatin A-1 phosphate
downregulates the Wnt/B-catenin pathway and induces
macrophages (Mao et al., 2016). Wnt3a promotes proliferation of
macrophages, while blockade of B-catenin signaling reverses the
effect (Feng et al, 2018a). The Wnt5a-NF-kB (p65) pathway is
normally kept in a homeostatic state to support survival and the
innate immune response of macrophages (Naskar et al,, 2014). In
addition, Wnt5a signaling enhances fz5-dependent internalization of
nonpathogenic (Maiti et al., 2012) and pathogenic bacteria (Jati et al.,
2018) and killing of the latter (Jati et al., 2018), whereas Wnt7a
inhibits phagocytosis (Wallace et al., 2018).

The Wnt pathway is reported to regulate the pro- or anti-
inflammatory phenotype alteration of macrophages. Wnt3a (Feng
et al, 2018b; Yuan et al, 2020) or Wnt5a (Feng et al, 2018a)
treatment could alter cytokine-stimulated macrophage polarization,
thereby predisposing macrophages to the M2 phenotype. LPS-
induced proinflammatory cytokine expression in macrophages
was abolished after P-catenin knockdown (Fang et al, 2018).
Wnt5a signaling, to which Fzd5 and camkii contribute,
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stimulated the release of proinflammatory cytokines in macrophages
(Pereira et al, 2008). Activation of the Wnt5a/JNK1 pathway
significantly increased the expression of TNF-a and IL-6 in
pulmonary macrophages (Zhu et al, 2018). Wnt7a inhibited
classical markers on macrophages in differentiation and
polarization, and affected cytokine secretion from MDM (Wallace
et al., 2018).

Wnt signaling in TAMs is complex. Macrophages express Wnt
protein and frizzled receptors simultaneously (Blumenthal et al,
2006), which means that the Wnt protein is derived from both
tumor cells and TAM. Both could trigger the Wnt pathway in TAMs,
indicating the existence of a complicated regulation network. The role
of Wnt signaling in TAMs has been partly revealed. Wnt signaling
was significantly activated in M2-like TAMs (Yang et al., 2018; Sarode
et al,, 2020), and activation of Wnt/B-catenin signaling drove M2
polarization in TAMs (Raghavan et al, 2019). These results also
were verified in human samples. High expression of Wnt5a in the
tumor was significantly associated with intense anti-inflammatory
CD163 + TAMs, but not with CD68 + TAMs (Bergenfelz et al., 2012).
Accumulation of nucleus-located -catenin was positively correlated
with M2-like TAMs in human hepatocellular carcinoma (HCC)
samples (Yang et al, 2018). Wnt3A expression was higher in
HCC samples strongly stained for CD163 than in CD163-weakly
stained samples (Tian et al, 2020). There are still unrevealed
mechanisms, however, and it is still unknown how Wnt signaling
in TAMs can be modified to benefit antitumor therapy.

The role of BCL9-driven Wnt signaling in macrophage
polarization and how suppression of BCL9 affects tumor immune
microenvironment remain unclear. In this study, we used single-
cell sequencing technology to reveal the changes in TAMs in TME
in genetic depletion and pharmacological inhibition of Bcl9.

MATERIALS AND METHODS

Chemicals, shRibo Nucliec Acids and Cells
hsBCL91-24 was produced by AnaSpec, CA, according to previous
protocols (Feng et al., 2019b). The synthesis and purification of
peptides were evaluated using analytical high-performance liquid
chromatography (HPLC) and mass spectrometry (MS). hsBCL9cr-
24 was dissolved into 10 mmol/L; both were diluted before assay.
pGIPZ (inducible with doxycycline)-based lentiviral shRNAs for
mouse Bcl9 shRNA#5 (V3LMM_429161) and non-targeting
shRNA were obtained from Open Biosystems/GE Dharmacon.
The non-targeting (NT) lentiviral shRNA was constructed to
be a negative control expressing no substantial homology to any
mammalian transcript. Cell line CT26 cells (ATCC) were cultured
according to the supplier’s recommendations. All cell lines used are
listed using the official cell line name and its Research Resource
Identifier (RRID) as available in the ExPASy Cellosaurus database
[CT26 (RRID:CVCL_7254)]. All experiments were performed with
mycoplasma-free cells.

Tumor Specimens

At least four regions in each tumor were sampled. We obtained 12
tumor samples from 12 mice, respectively. Detailed information
is presented in Supplementary Table S1. Male, BALB/c mice,
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6-8 weeks old, were purchased from Shanghai Lingchang
Biotechnology Co., LTD. Animals were housed under specific
pathogen-free conditions (22 + 1°C, 12/12 light/dark cycle) in
Fudan University. All the procedures were performed according
to protocols approved by the University’s animal care committee,
along with the guidelines of “The Association for Assessment and
Accreditation of Laboratory Animal Care International.”

Tumor Size Measurement

Cultured CT26 colon cancer cells (ATCC) were harvested for
subcutaneously (s.c.) inoculation (4 x 10° cells in PBS) in the
right flank region of BALB/c female mice (purchased from
Charles River) at 6-8 weeks of age. Three randomized cohorts
(n = 4) with tumor size between 30 and 50 mm® were
administered vehicle control, hsBCL9cr-24 (25 mg/kg, i. p., QD)
or hsBCL9¢r-24 (30 mg/kg, sc., QD) for 17 days after inoculation. In
the CT26 combination experiment (1 = 4) model, mice were grouped
into four randomized cohorts and given hsBCL9¢r-24 (25 mg/kg, i.
p- QD), anti-PD-1 antibody (10 mg/kg, i. p., BIW), or a combination
arm (hsBCL9¢cr-24 + anti-PD-1 antibody) via i. p. injection after
tumor volume reached 30 mm®. Colo320-DM (ATCC) were
harvested for subcutaneously (s.c.) inoculation (1 X 10° cells in
PBS) in the right flank region of BALB/c female nude mice
(purchased from B&K Universal Group Limited) at 6-8 weeks of
age. Two randomized cohorts (n = 4) with tumor size between 30 and
50mm’ were administered vehicle control or hsBCL9cr-24
(15 mg/kg, i. p., QD) for 20 days after inoculation. Tumor volume
was measured every other day using digital calipers and calculated on
the basis of the following formula: tumor volume = (length x width?)/
2. Murine body weights were recorded after tumor measurement.
Tumor size of >1000 mm” was set as the endpoint, and tumor/organ
samples were collected from selected mice at the end of the study.

Specimen Processing
Fresh tumors from mice were surgically resected and collected into
MACS Tissues storage solution (130-100-008, Miltenyi Biotec).
The samples were immediately transferred to the Fudan laboratory.
For further processing, tissues were minced into <1 mm’ on
ice, shifted to a C tube (130-093-237, Miltenyi Biotec), and
enzymatically digested by MACS Tumor Dissociation Kit (130-
095-929, Mitenyi Biotec). The obtained suspension was filtered
through a 40 um cell strainer (Falcon) and washed by RPMI 1640
(C11875500BT, Gibco). Subsequently, erythrocytes were removed
using 2 ml the Red Cell Lysis Buffer (555899, BD biosciences)
and live cells were enriched by a Dead Cell Removal Kit (130-
090-101, Miltenyi Biotec). After re-suspension in RPMI 1640
(C11875500BT, Gibco), a single-cell suspension was obtained.
Cell viability, which needs to be >90% for library construction,
was checked by Trypan blue (15250061, Gibco) staining.
Samples were sequenced using the BGISEQ-500 platform at
The Beijing Genomics Institute (BGI) for Genomics and
Bioinformatics. Raw counts were then normalized to fragments
per kilobase of transcript per million mapped reads (FPKM). Cells
with genes between 500 and 50,000, UMI numbers less than
30,000, and mitochondrial content less than 20% were selected.
Cells identified as doublets or multiplets based on gene expression
signatures, which had more than one highly expressed cell
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population-specific markers, were filtered out. Filtered data were
normalized using a scaling factor of 10,000, and data was log
transformed. The sequencing coverage and quality statistics for
each sample are summarized in Supplementary Table S2.

10 x Library Preparation and Sequencing
A single-cell suspension was prepared and ran on a Chromium
Single-Cell Platform (see Materials and Methods). Before running on
a Chromium Single-Cell Platform (10 x Genomics Chromium™),
the cell concentration was adjusted to 700-1200 cells/ul. A 10 x
library was generated following the manufacturer’s protocol of 10 x
genomics Single-Cell 5" Gel Bead Kit. The clustering was conducted
on a cBot Cluster Generation System with TruSeq PE Cluster Kit
v3 implemented the clustering. Qubit was used for library
quantification. The final library was sequenced on an Illumina
HiSeq3000 instrument using 150-base-pair paired-end reads.

Reduce Dimensionality Analysis

The number of unique molecular identifier (UMI) sequences of
high-quality per cell was counted and normalized to the median of
the total UMI of all cells using the median normalization process.
Means of the Principal component analysis (PCA) reduction
dimension were used to evaluate the similarity between cells. The
expression trend of cellular genes is positively correlated with the
sample distance. The largest variance explained results from using
t-distributed stochastic neighbor embedding (t-SNE) or Uniform
Manifold Approximation and Projection (UMAP) to visualize the
single-cell clustering for the PCA’s top 10 principal components. In
the t-SNE presentation method, the sample distance is recounted to
neighbor’s conditional probability neighbor fitting according to the
Student T-distribution in the high-dimensional space. The sample
can display a divided cluster in the low dimensional space.

Pathway and Functional Annotation
Analysis

Pathway annotation and enrichment was performed through Gene
Set Enrichment Analysis (GSEA) (Subramanian et al, 2005).
MsigDB is a database resource for investigating the high-level
functions and effects of the biological system (Liberzon et al., 2011).
Pathways with a Q value <0.05 were considered to be significantly
enriched. Based on The Gene Ontology database, we conducted
functional annotation, including biological process, cellular
component, and molecular function classifications.

Tumor-Associated
Macrophages-To-Natural Killer (NK) Score
Use Eq. 1 to calculate the TAM-to-NK Score of each cell or each
patient.

GSVA(TAM._type_list)
GSVA(NK_type_list)

TAM - to — NK Score =

In the Eq. 1, GSVA () indicated Gene Set Variation Analysis;
TAM type gene list (TAM_type_list): APOE, CIQA, CIQB,

BCL9 Modulates TAMs in TIME

CIQC, CCL12, CCL6, CCLS, LYZ2, PF4, WFDC17, CSFIR,
and CXCLI14; NK-like non-functioning type gene list
(NK_type_list):. AWI12010, CCL5, CD3E, CD52, GZMA,
GZMB, GZMC, IL2RB, LTB, and NKG?.

Gene Set Variation Analysis and Metascape
Analysis

Based on cell population expression data, we obtained the average
expression of each gene of the corresponding cell in each sample.
GSVA analysis was conducted based on the resulting expression
data of the above two types of cells. After performing GSVA
Z-score analysis by the gene list above, we obtained the GSVA
Z-score of each pathway in each sample. The GSVA score data of
the above four types of cells were calculated in the limit package in
R. Metascape analysis is carried out according to the published
method (Zhou et al., 2019).

Gene Prognostic Performance in The
Cancer Genome Atlas Sample

Standardized TCGA datasets are derived from Xena Functional
Genomics  Explorer  (https://xenabrowser.net/).  Maxstat
(maximally selected statistical status) algorithm is used to
distinguish the high and low TAMtoNK Score. Kaplan-Meier
curve is used to analyze the overall and disease-free survival of the
patient population. Log-Rank p value and HR were also
established using the same software as survival analysis.

Statistical analysis

Statistical significance was determined using 2 way ANOVA.
(GraphPad Prism 8). The p-values were then calculated using
Tukey’s multiple comparisons test. p < 0.05 was considered
statistically significant.

RESULTS

The Effect of bcl9 Inhibitors on Tumor

Growth

The CT26 tumor cells were implanted s. c. into the right flanks of
BALB/c mice; tumor-bearing animals were treated with vehicle
control or hsBCL9cr-24 (ip., at 25 mg/kg or sc.,30 mg/kg) for
17 days hsBCL9cr-24 significantly reduced tumor volume
relative to control throughout the study period (Figure 1A)
and genetic knockdown of Bcl9 in CT26 also significantly
reduced tumor growth in compared with non-targeting RNA
(NT -shRNA) (Figure 1B). CT26 has low response to anti-PD-1
Ab treatment. We therefore examined whether treatment using
hsBCL9¢1-24 could improve this response through immune-
editing functions. In CT26 mouse model, combinatory
treatment with hsBCL9cr-24 and anti-PD-1 Ab markedly
reduced tumor growth (Figure 1C) And hsBCL9.r-24 was
assessed in the mouse CRC model established in both
immunocompetent (regular BALB/c) and immunodeficient
(nude) mice. In nude mice, hsBCL9:p-24 exhibited a
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QD), anti-PD-1 Ab [ip.,10 mg/kg, twice weekly (BIW)], and hsBCL9s1-24 + anti-PD-1 Ab as indicated after tumor volume reached 30 mm® (n = 4 per cohort). (D)
Colo320-DM cells were inoculated in BALB/c nude mice before treatment with vehicle control or hsBCL9¢1-24 (ip.,15 mg/kg, QD) as indicated after tumor volume
reached 30 mm? (n = 4 per cohort). Significance were tested by 2-way ANOVA for experiments performed in triplicate, and each experiment was repeated three times,
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comparable potency against the growth of Colo320-DM
(Figure 1D).

Single-Cell RNA-Seq of Mouse CT26 Tumor
With Pharmacological Inhibition of B¢l9 and
Genetic Depletion of Bcl9

To investigate the heterogeneity of murine CT26 tumor treated with
hsBCL9¢r-24 and genetically depleted Bcl9, we conducted single-cell
mRNA sequencing in 12 samples (see Materials and Methods). After
integrating the data from four different groups of treatment,
including hsBCL9cr-24 (hsbcl9), vehicle (veh), Bcl9-shRNA (KD),
Non-targeting shRNA (NT), we used an algorithm built in the Seurat
package to remove batch effects. After completing the principal
component analysis of genes, UMAP, which is a dimensionality
reduction method based on manifold analysis, grouped the cells
together according to the similarity of gene expression (Figure 2A).
Through the clustering analysis of all cells, we found that these cells
can be divided into eight clusters corresponding to tumor cells,
tumor-associated monocytes, TAMs, tumor-associated endothelial

cells, fibroblasts, and T cells (Figure 2A), these classifications are
based on known markers or bioinformatics research (Wei et al.,
2020). To study the potential differences in TAMs, we extracted the
TAM population based on the cell information we previously
reported (Wei et al, 2020), and performed re-clustering analysis
(Step 1 re-clustering; Figures 2B-E). Most cells showed a notable
overlap in the reduced dimension maps between different samples or
treatment groups (Figures 2A-C) large number of cells
continuously distributed topological structure (cells circled by red
dashed line; Figure 2B). According to the marker gene of these
clusters, they could be classified as the main population of TAMs
(Figures 2D,E) (Shalhoub et al., 2011). The next section includes an
analysis of the main population of TAMs.

Macrophage Polarization: Cellular
Landscape Difference Between MO, M1,
and M2

To further study the classification and biological characteristics
of the main population of TAMs, we re-clustered the cells
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FIGURE 2 | Single cell cluster analysis of BCL9 perturbed CT26 murine tumor. (A) UMAP mapping and cell type. Re-cluster analysis of Granulocyte-monocyte

(Step 1 re-clustering). (B) UMAP mapping and groups (vehicle, hsBCL9st-24, NT-shRNA, Bcl9-shRNA), the arrow shows the cell populations with difference. (C) UMAP
mapping and clusters. (D) UMAP mapping and three clusters (clusters 2, 9 and 12) with differences (Used for Step 2 re-clustering). (E) Heatmap of the 13 clusters from
Step 1 re-clustering. Columns, individual cells; rows, genes (Top10).
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FIGURE 3 | Population of MO, M1 and M2 in the TAM of mouse CT26 tumor. Re-cluster (Step 2 re-clustering) analysis of TAM (The population circled in red dash in
Figure 2). (A) UMAP mapping and clusters and samples. (B) UMAP mapping and groups (vehicle, hsBCL9c1-24, NT-shRNA, Bcl9-shRNA). (C) UMAP mapping and
clusters. (D) UMAP mapping and MO, M1 and M2 marker Gene expression level. (E) Bubble chart of TAM clusters with MO, M1 and M2 marker Gene expression level. (F)
Barchart of cell proportions of different groups in TAM clusters, the number is the actual number of cells.

circled in red in Figure 2B. The results (Figures 3A,B) showed
that the cells from different samples or treatment groups were
all merged together, reflecting the successful removal of batch
effects. Furthermore, we used the k-nearest neighbors algorithm
to cluster cells based on the difference in gene expression
(Figure 3C). The main population of TAMs could be
classified into six populations, among which the three main
populations (0, 2, and 4) were topologically connected and
occupied the vast majority of the TAM group (Figure 3C).

This geometric topological connection implies a potential cell
population relationship. Furthermore, the analysis of marker
genes of these populations proved that clusters 0, 2, and 4
expressed high amounts of marker genes at different stages of
macrophage polarization. For example, cluster 0 expressed the
known markers of M0 (Cd74, Clqa, and Apoe), and cluster 2
expressed M1 markers (Cxcl2, I11b, and Cxcl10), whereas cluster
4 expressed M2 markers (Ccl8, Cbr2, and Folr2x) (Figures
3D,E). The differential expression of these genes proved that
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FIGURE 4 | Pseudotime analysis reveals the trajectory of MO, M1 and M2 in mouse CT26 tumor. Pseudotime analysis on the TAM cells of clusters O, 2 and 4 in
Figure 3C and (A) States; (B) Pseudotime; (C) groups (vehicle, hsBCLIct-24, NT-shRNA, Bcl9-shRNA); (D) MO, M1 and M2 marker Gene expression level; (E) trend of
the gene expression generated by the BEAM function along pseudotime. (F) Metascape biological processes enrichment analysis by using gene clusters abtained from
BEAM function.

clusters 0, 2, and 4 represented the three states of macrophage
polarization.

To further prove the existence and differentiation process of
the three states of macrophage polarization (M0, M1, and M2
polarization) in CT26 tumor, we extracted clusters 0, 2, and 4
(from Figure 3C) to analyze the trajectory using the DDR-Tree
algorithm included in the Monocle package. As shown in

Figures 4A-C, the cell population was projected on a
dendritic structure. State analysis, pseudotime analysis, and
classification based on treatment groups are displayed in
Figures 4A-C. Further analysis showed that classic marker
genes of M0, M1, and M2 were obviously polarized on the
trajectory (Figure 4D). The M0 markers (Cd74, Clqa, and
Apoe) tended to be expressed in the middle of the trajectory,
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Figure 5

and the M1 markers (Cxcl2, Il1b, and Cxcli0) tended to be
expressed in the direction of the right arrow. The M2 markers
(Ccl8, Cbr2, and Folr2x) tended to be expressed in the direction
of the left arrow (Figure 4D). This was consistent with the
classic M0, M1, and M2 marker conversion paradigm (Shalhoub
et al., 2011; Yuan et al., 2015; Maccio et al., 2020).

To study the overall gene expression trend of the cell
population along pseudotime, we used the BEAM function to
analyze the differential gene expression along time (Figure 4E).
The results showed that some different genes were enriched in
different stages of the differentiation process (Figure 4E). The
genes enriched in the middle and right ends may participate in

Frontiers in Pharmacology | www.frontiersin.org 9

September 2021 | Volume 12 | Article 713331


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Wei et al.

the biological processes related to M0 and M1, and it is expected
that the genes enriched in the left end participate in the biological
processes related to M1 and M2. We analyzed these gene sets by
Metascape to better understand the associated biological
processes (Zhou et al., 2019) (Figure 4F). The results showed
that gene sets that favored M0, M1, or M2 participated in immune
and inflammation-related signal pathways to varying degrees.
These conclusions can provide inspiration for further mechanism
research.

Differential Gene Expression and Signal
Pathway Enrichment Analysis of Mouse
CT26 Tumor With Bcl9 Deprivation in the
Tumor-Associated Macrophages

Subgroups

To further study the effect of Bcl9 deprivation of M0, M1, and
M2 TAMs, we classified the group (hsbcl9, KD) with Bcl9
deprivation into Bcl9 perturbed True group, and their
controls (veh, NT) into Bc9 perturbed False group. UMAP
clustering and trajectory analysis showed no obvious
difference between the two groups (Figures 5A,B).
Comparison of the number of cells in different clusters,
however, revealed that the proportion of Bcl9 perterbed True
cells in M2 was significantly lower than that of Bcl9 perterbed
False cells. The decrease in KD in the shRNA group was the
most obvious, and the proportions were roughly the same in M0
(Figure 5C and Figure 3F). This result showed that the
deprivation of Bcl9 may have interfered with the
differentiation of M0 to M2. M2 cells are widely regarded as
“bad” TAMs, which promote tumor growth (Yuan et al., 2015;
Maccio et al., 2020). Nevertheless, there were still many M1 and
M2 cells in the Bcl9 perterbed True group.

To further study the genes that are differentially expressed in
MO, M1 and M2, and understand which biological processes are
affected by the deprivation of Bcl9, we performed Gene Set
Enrichment Analysis (GSEA) analysis on TAMs. As shown in
Figures 5D-F, we performed GSEA analysis on Bcl9-deprived
and non-deprived cell populations from M0, M1, or M2, using
the overall biological process database MsigDB C5 and immune-
related signaling pathway database MsigDB C7 (Subramanian
et al., 2005; Liberzon et al., 2011). The results showed that the
signaling pathways related to immune and inflammatory
response in MO and M1 were significantly enriched in the Bcl9
perterbed False group, but there was no obvious enrichment in
M2. This indicated that Bcl9 deprivation may have had a strong
inhibitory effect on the inflammatory response caused by M0 and
MI cells. Inflammation is one of the most important factors that
causes tumor development and prognosis (Coussens and Werb,
2002).

To further clarify the upstream transcription factor regulation
mechanism related to these biological processes, we used MsigDB
C3 to perform transcription factor analysis. The results are shown
in Supplementary Figure S1. In the Bcl9 perterbed True group,
Period Circadian Regulator 1 (Perl) target genes were highly
enriched in M0, M2, and M2, and the function of Perl was in
circadian regulation (Ono et al., 2017). This result showed that

BCL9 Modulates TAMs in TIME

the deprivation of Bcl9 may disrupt the circadian rhythms of MO0,
M2, and M2.

Depletion of Bcl9 Inhibits the Delineation
From Tumor-Associated Monocytes to NK
Cells

To further study the changes of TAMs to discover new cell
populations, we again checked the cell classification from
Figure 2B. Although most cells from different treatment
groups (hsbcl9, veh, KD, NT) were merged together, the
clusters 2, 9, and 12 shown in Figure 2B were not merged
well. Topologically, some cells from cluster 12 were strongly
related to cells from cluster 2 and were located at the junction of
these two clusters (Figure 2B, indicated by blue arrow). We
showed that these cells were the most responsive and sensitive to
Bcl9 deprivation. According to the difference in genes from
Figure 2E, we confirmed that most clusters shown in
Figure 2D highly expressed the markers of monocytes (Clgb,
Clqgc, and Clga), which are the precursor cells of TAMs (Tran
et al,, 2017), whereas cluster 12 highly expressed the markers of
natural killer cells and NK cells (Nkg7, I12rb, and Cd3e). Coupled
with the topological correlation of these cell populations, we
inferred that cluster 12 belonged to the NK cells delineated from
monocytes (Chen et al., 2015).

To further verify that cluster 12 was indeed a delineated NK
cell population, we performed the secondary re-clustering
analysis to clarify the whole process of cell delineation. We
extracted the TAM cells from Step 1 re-clustering (clusters 2,
9, and 12) shown in Figure 2D, and performed the second step of
re-clustering (Step 2 re-clustering). As shown in Figures 6A-C,
Step 2 re-clustering divided the cells into several clusters. Clusters
4, 5, and 7 were topologically relevant, which indicated their
potential delineation relationship. Further differential expression
analysis showed that cluster 5 contained only the NK cell markers
(Nkg7, 1i2rb, and Cd3e), and cluster 2 contained two kinds of
markers, both of monocytes and NK cells (Nkg7, II2rb, Cd3e,
Clgb, Clqc, and Clqa; Figures 6D-G), which could be regarded
as a transition state of this delineation process. Further
quantitative analysis (Figure 6H) proved that the populations
of the cells of the deprived Bcl9 group were enriched in clusters 4
and 7. This result showed that during the process of delineation
from monocytes to NK-like non-functioning cells, it is very likely
that cluster 4 and 7 are the blocking stages because of Bcl9
deprivation.

Depletion of Bcl9 Inhibits the Delineation
From Tumor-Associated Monocytes to NK
Cells, Which Depends on Transcriptional

Regulation

To further study how Bcl9 depletion inhibits the delineation from
tumor-associated monocytes to NK-like non-functioning cells,
we performed pseudotime analysis on the cells from Step 1 re-
clustering (clusters 2, 9, and 12; Figure 6A). According to the
results in Figures 7A-D, along pseudotime, cells delineated from
state 1 to states 2 and 3.
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Displaying clusters from Figure 6 on delineation trajectory, the un-
delineated clusters (Step 2 re-clustering clusters 2 or Step 2 re-clustering
clusters 4, 5, and 7) were in the more primitive stage of delineation
(State 1)—that is, in the stage of monocytes—while cells at delineated
clusters (Step 2 re-clustering clusters 12 or Step 2 re-clustering rest
clusters) were at the stage (States 2 and 3) close to NK cells (Figures
7C,D). Nkg7 are Clgb were shown as two-stage markers at the two
ends of the trajectory (Figures 7E,F). To further study the change in
trend of gene expression in this process, we used the BEAM function to
analyze the difference of the cell population along the pseudotime
(Figure 7G). The results showed that the expression of NK cell markers
(cluster 5) gradually increased, whereas the expression of other genes
decreased (cluster 1) or first decreased and then increased (cluster 4). It

is not clear to which signaling pathways two clusters of genes other than
NK cell markers were related, but according to transcription factor
analysis, the gene cluster with decreasing expression (cluster 1) was
controlled mainly by the transcription factor PSMB5. The gene cluster
that first decreased and then increased (cluster 4) was controlled mainly
by the transcription factor PSMB5 and HOXB6.

Low Tumor-Associated
Macrophages-To-NK Score Predicts Poor

Prognosis in Cancer Patients
Previous results suggested dynamic balance between the
infiltrating monocytes and NK-like non-functioning cells in
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the tumor. To study the clinical significance of the transition
between monocytes and NK-like non-functioning cells in tumors,
we constructed a TAM-to-NK score to quantify the homeostasis
between monocytes and NK-like non-functioning cells in tumors.
The TAM-to-NK score quantified the degree of enrichment of the
identified key marker genes in monocytes and NK-like non-

functioning cells. To further verify that this score could predict
the prognosis of cancer patients, we used it in the TCGA pan-
cancer data set to estimate the TAM-to-NK scores of different
patients. Next, we grouped the patients according to the TAM-to-
NK scores, and conducted survival analysis to calculate the
hazard ratio (HR). The results showed that low TAM-to-NK
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FIGURE 8 | TAMtoNK Score predicts the prognosis of TCGA tumor patients. (A,B) Volcano chart of hazard ratio based on TAM-to-NK Score grouping of patients
with different types of cancer or different clusters. (C—F) Survival analysis of TCGA tumor type or clusters with significant High hazard ratio. OS and DSS respectively

represent overall survival and disease-specific survival rate.

score predicted the poor prognosis of certain kinds of patients
(Figures 8A,B). Among them, Breast invasive carcinoma (BRCA)
and Head and Neck squamous cell carcinoma (HNSC) were the
most prominent (Figures 8C,E). Because tumors classified
according to their location of incidence have large gene
expression pattern unpredictability, we previously reported a
method to cluster the samples of the TCGA pan-cancer
dataset according to their gene expression patterns (Wei et al,
2020). The advantage of this method is that it can eliminate the
differences between the samples as much as possible, so that the
comparison of specific gene sets or clinical prognosis are based on
a highly consistent population. Then we used TAM-to-NK score
to group patients in each cluster and conducted survival analysis.
Low TAM-to-NK score predicted poor prognosis of patients from
cluster 5 and cluster 23 with high significance (Figures 8D,F).
Among them, cluster 23 was composed mainly of BRCA, and
cluster 5 was composed mainly of BRCA, Uterine Corpus
Endometrial Carcinoma (UCEC), and Cervical squamous cell
carcinoma and endocervical adenocarcinoma (CESC). According
to our previous reports, cluster 5 had marker genes TYR and
MLANA (Wei et al., 2020). These results suggested that TYR and

MLANA may be used as pathological criteria for prognostic
prediction with TAM-to-NK score.

Ligand-Receptor Interactions Analysis
Between Tumor-Associated Macrophages

and T Cells in the Tumor Microenvironment
To identify potential cell-cell interactions that are conserved across the
two synergic tumor models, we scored potential ligand-receptor
interactions across the cell types present within the TME. The
interaction was determined by calculating the average expression of
receptors and ligands. After calculating the score for each ligand and
receptor, we averaged the interaction score of the tumor model to
determine the conservative interaction. The macrophages interacted
with T cells through the CCL3-CCR5, CAF1R-CSF1, and ICAM1-
ITGAL to change the T-cell functions in hsBCL91-24 treated group
compared with the vehicle (Supplementary Figure S2A). Similar to
Bcl9 pharmacological inhibition, the Bcl9 depletion also affected the
interaction of macrophages and T cells, where CSFIR-CSF1 and
CCL4-CCR5 were significantly regulated (Supplementary Figure
S$2B). Our data showed that targeting Wnt pathway through
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hsBCL9¢r-24 treatment very likely inhibit macrophages and enhance
T-cell activity (Supplementary Figures S2C,D).

Immunohistochemical Analysis of
Tumor-Associated Macrophages Markers
of CSF1R and Cxcl14 Genes in Colorectal
Cancer

We re-analyzed the human CRC immunohistochemical pictures
downloaded from the public database the human protein atlas
(https://www.proteinatlas.org/). The results showed that the
CSFIR as the M2 marker gene was highly expressed in CRC.
The survival curve data indicated that the prognosis in the high
GSFIR expression group was poorer than that of the low
expression group (Supplementary Figures S3A-C). The
CSCL14 gene as a marker of M1 was moderately or weakly
expressed in CRC. The survival curve data showed better
prognosis in group with high expression of CXCLI14 than in
low CXCLI4 expressing groups (Supplementary Figures
S3D-F).

DISCUSSION

Tumor microenvironment is an important factor affecting tumor
treatment and prognosis. Because of its dramatic impact on
tumor occurrence and development, as well as heterogeneity,
it has attracted growing interest in oncology, especially in
consideration of new targets for tumor therapy. TAMs are one
of the major cellular components of most cancer
microenvironments; more than 50% of tumor-infiltrating cells
are TAMs. In this study, we demonstrated that the cellular
landscape and transcription differences of TAMs after BCL9
suppression affected cancer and immune surveillance.

TAMs are an extremely heterogeneous population in CRC, and
their characteristics are strongly dependent on the TME. Patients
with infiltrating TAMs in CRC LMs have poorer prognosis than
patients without TAM infiltration in LMs (Cortese et al., 2019).
TAMs play an immunosuppressive role by secreting cytokines and
chemokines and also can activate the expression of immune
regulatory proteins in T cells (Cortese et al, 2019). We found
that Bcl9 suppression changed macrophages polarization into the
subtype M1 and M2. Macrophage polarization is increasingly
understood as an essential pathogenetic factor in inflammatory
and neoplastic diseases.

Macrophages are abundant in CRC (Yahaya et al, 2019),
where they are recruited from and where they may mediate
metastasis-promoting communication. Their interactions with
cancer cells as well as their crosstalk with the TME have not yet
been elucidated. CRC is the most common cancer in the world, so
fighting this disease presents an enormous therapeutic challenge.
Traditional treatment (i.e, surgery, radiotherapy, and
chemotherapy combined with targeted drugs) has advanced
the treatment for early-stage CRC over the years. Metastases,
however, are the leading cause of death and remain poorly
understood (Tauriello et al, 2017). Recent reports have
demonstrated that Wnt signaling pathway activation induces

BCL9 Modulates TAMs in TIME

primary resistance to immunotherapy. Macrophages can
interact with the Wnt signaling pathway (Malsin et al., 2019).

After undergoing cluster analysis (Figure 2 and Figure 3),
pseudotime analysis (Figure 4), signal pathway enrichment
analysis (Figure 4), and transcription factor analysis
(Supplementary Figure S1), we found that Bcl9 deprivation in
TME inhibited the differentiation of M0 to M2, and inhibited the
inflammatory response caused by TAMs.

The downstream genes of the circadian rhythms-regulated
transcription factor Perl may have important contributions to
these biological processes. The circadian clock in mammals is
controlled by three cell-autonomous feedback loops. The first loop
includes two activators (CLOCK and BMALI) and four repressors
(PERI, PER2, CRYI, and CRY2). PERI1 is downregulated in many
types of cancers in the Cancer Genome Atlas. Heterozygous deletion
of PERI also has been observed in cancer (Wu et al., 2019). Circadian
disruption was found to change tumor-immune microenvironment,
favoring tumor cell proliferation (Aiello et al,, 2020). In profile 2 of
cardiac dysfunction, the Wnt/beta-catenin pathway was identified
with activation (Lecarpentier et al,, 2014). Our finding of negative
regulation of Perl in TIME of colon tumor provided evidence for
BCL9-driven Wnt signaling role in circadian disruption.

Delineation of immune cells and their dynamic balance are a
growing research field [61]. Their existence and role in tumors,
however, are rarely reported. We found TAM-derived NK-like non-
functioning cells in our samples, and this type of cells showed
significant differences in the BCL9-deprived cell population.
Changes in markers on the surface of these cells and their cell
biological functions may significantly affect the TME, which in turn
affects the growth and metastasis of tumors and the prognosis in
patients. To evaluate the impact of this dynamic balance on tumor
prognosis, we proposed TAM-to-NK score, which can evaluate the
homeostasis of TAM and NK-like non-functioning cell populations
in tumors at the level of gene expression. As shown in Figure 8,
TAM-to-NK score can indeed predict the prognosis of patients in
some specific cancers. In the future, further experimental research on
NK-like non-functioning cells in the tumor microenvironment is
very necessary. This will focus on using specific antibodies to stain
newly discovered markers or perform mRNA in situ hybridization.

Although targeted TME has great potential for tumor treatment,
the treatment of advanced metastatic CRCs remains challenging;
therefore, exploring new target molecules and therapeutic strategies
is of paramount importance. M2-like TAMs are believed to induce
tumor-supporting, angiogenic, and immunosuppressive effects and
also may induce failure of immunotherapy (Mantovani et al.,, 2017).
Defining the biology of macrophages present in the CRC-specific
environment could allow the introduction of innovative diagnostic
and therapeutic strategies. TAMs affect many aspects of tumor
biology, including stem cells, metabolism, angiogenesis, invasion,
and metastasis virtually. The research progress of Wnt/B-catenin
signaling pathway mechanisms accelerates the discovery of new
therapeutic methods targeting the Wnt/p-catenin pathway in CRC.
Although most drugs are still in early stages of research, there
is hope that drugs to cure intractable CRC are on the horizon.
Our findings have highlighted the potential of targeting the
BCL9-driven Wnt signaling pathway in TMAs in cancer
immunotherapy.
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NOVELTY AND IMPACT

Changes in the BCL9-mediated signaling pathway caused
changes in the balance of cell populations in the tumor
microenvironment to affect the prognosis of cancer patients.
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