Acta Pharmaceutica Sinica B 2022;12(1):149—166

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com e

ORIGINAL ARTICLE

Allosteric inhibition reveals SHP2-mediated n
tumor immunosuppression in colon cancer by
single-cell transcriptomics

Jian Gao™', Zhigui Wu™', Mingxia Zhao™" ', Rui Zhang®, Manru Li",
Dongdong Sun‘, Haibo Cheng®, Xianjia Qi‘, Yuxian Shen”,
Qiang Xu™"*, Hongqi Chen®", Dijun Chen™*, Yang Sun™"*

iState Key Laboratory of Pharmaceutical Biotechnology, Chemistry and Biomedicine Innovation Center
(ChemBIC), School of Life Sciences, Nanjing University, Nanjing 210023, China

bBiopharmaceutical Research Institute, School of Basic Medical Sciences, Anhui Medical University, Hefei 230032,
China

“Department of Colorectal Surgery, Cancer Hospital of China Medical University, Liaoning Cancer Hospital &
Institute, Shenyang 110042, China

YThe First Clinical College of Nanjing University of Chinese Medicine, Nanjing 210023, China

°Shanghai XuRan Biotechnology Co., Ltd., Shanghai 201109, China

Jiangsu Key Laboratory of New Drug Research and Clinical Pharmacy, Xuzhou Medical University, Xuzhou
221004, China

€Department of General Surgery, Shanghai Jiao Tong University Affiliated Sixth People’s Hospital, Shanghai
200233, China

Received 13 May 2021; received in revised form 27 July 2021; accepted 30 July 2021

KEY WORDS Abstract  Colorectal cancer (CRC), a malignant tumor worldwide consists of microsatellite instability
(MSI) and stable (MSS) phenotypes. Although SHP2 is a hopeful target for cancer therapy, its relation-

Tumor microenvironment; . s . . . . . .
’ ship with innate immunosuppression remains elusive. To address that, single-cell RNA sequencing was

PTPNI11;

Abbreviations: APC, antigen-presenting cell; BTLA, B- and T-lymphocyte attenuator; CNVs, copy number variations; CRC, colorectal cancer; DSBs,
double-strand breaks; GSEA, gene set enrichment analysis; KRAS, Kirsten rat sarcoma viral oncogene homolog; MAPK, mitogen-activated kinase; MSI,
microsatellite instability; MSS, microsatellite stable; PCA, principal component analysis; PD-1, programmed cell death 1; scRNA-seq, single-cell RNA-
sequencing; STING, stimulator of interferon genes; TME, tumor microenvironment; t-SNE, t-distributed stochastic neighbor embedding.

*Corresponding authors.

E-mail addresses: giangxu@nju.edu.cn (Qiang Xu), hqchen08 @ 163.com (Hongqi Chen), dijunchen@nju.edu.cn (Dijun Chen), yangsun@nju.edu.cn
(Yang Sun).
TThese authors made equal contributions to this work.
Peer review under responsibility of Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences.

https://doi.org/10.1016/j.apsb.2021.08.006
2211-3835 © 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting
by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:qiangxu@nju.edu.cn
mailto:hqchen08@163.com
mailto:dijunchen@nju.edu.cn
mailto:yangsun@nju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2021.08.006&domain=pdf
https://doi.org/10.1016/j.apsb.2021.08.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2021.08.006
https://doi.org/10.1016/j.apsb.2021.08.006

150

Jian Gao et al.

SHP099;

STING;

Type I interferon;
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performed to explore the role of SHP2 in all cell types of tumor microenvironment (TME) from murine
MC38 xenografts. Intratumoral cells were found to be functionally heterogeneous and responded signif-
icantly to SHP099, a SHP2 allosteric inhibitor. The malignant evolution of tumor cells was remarkably
arrested by SHP099. Mechanistically, STING—TBK1—IRF3-mediated type I interferon signaling was
highly activated by SHP099 in infiltrated myeloid cells. Notably, CRC patients with MSS phenotype ex-
hibited greater macrophage infiltration and more potent SHP2 phosphorylation in CD68" macrophages

than MSI-high phenotypes, suggesting the potential role of macrophagic SHP2 in TME. Collectively,
our data reveals a mechanism of innate immunosuppression mediated by SHP2, suggesting that SHP2
is a promising target for colon cancer immunotherapy.

© 2022 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Colorectal cancer (CRC), a malignant epithelial tumor, which
almost in all cases features as an adenocarcinoma, is the third
most common cancer and the fourth leading cause of cancer-
mortality worldwide'. Therefore, there is an urgent clinical de-
mand for novel predictive marker and effective treatment. Carci-
nogenesis of CRC is directly associated with activating mutations
of oncogenes such as the mitogen-activated kinase (MAPK)
pathway gene, Kirsten rat sarcoma viral oncogene homolog
(KRAS), which is the most prevalent predictive and prognostic
oncogene with approximately 30%—50% detected in CRCs”.
Obviously, the development and application of RAS/MAPK
pathway inhibitors is a very crucial strategy for CRC treatments.

Recently, many studies have found that the prognosis of CRC
is depending on the characteristics of immune landscape. Mean-
while, the degree of immune cell infiltration is closely related to
the microsatellite status, which relies on the impairment of DNA
mismatch repair (MMR) activity. Microsatellite instability (MSI)
phenotype (15% in CRCs) is featured as deficiency of MMR ac-
tivity and failure to repair double-strand breaks (DSBs). MSI
phenotype, especially MSI-high (MSI-H) phenotype is identified
as much more infiltrated immune cells and higher neoantigens
expression for activating immune response than microsatellite
stable (MSS) phenotype (85% in CRCs)’. Although MSI patients
benefit from immune checkpoint inhibitors, some patients still fail
to respond either initially or due to gradually developed resis-
tance’. However, the mechanisms are poorly understood.

Endoplasmic reticulum membrane localized adaptor stimulator
of interferon genes (STING) is a key intracellular pattern recog-
nition receptor for cytosolic DNA signaling, which activates
TBKI—IRF3 cascade to induce type I interferon production’. In
tumor microenvironments, accumulated tumor-derived DNA and
cGAMP can trigger the activation of antigen-presenting cells
(APCs) for bridging innate and adaptive antitumor immune
response®’. Thus, much more studies tried to explore the value of
STING as a potential target for cancer immunotherapy® . So,
whether immunosuppression in the TMEs and sensitivity to
immunotherapy of colon cancer is associated with destruction of
DNA sensing cascades remains to further explore.

Tyrosine phosphatase SHP2 (encoded by Ptpnll) is a widely-
expressed cytoplasmic phosphotyrosine phosphatase'""'%. 1t

contains two SH2 domains (N-SH2 and C-SH2) followed by a
tyrosine phosphatase (PTP) domain and a C-terminal tail with two
phosphorylation sites. The crystal structure of SHP2 shows an auto-
inhibited activity by its PTP and N-SH2 domain interaction which is
an allosteric transition required to overcome after phosphotyrosine
peptide stimulation'*'*. SHP2 has been reported to be related to
pathologic development of several disorders, such as hematological
cancers', solid tumors'®, diabetes'”'® and Noonan syndromew.
Activated SHP2 contributes to cell survival and proliferation by
maintaining RAS-ERK signaling pathway activation”’. Further-
more, SHP2 is a major downstream molecule required for B- and T-
lymphocyte attenuator (BTLA) and programmed cell death 1 (PD-
1) immune checkpoint pathways. Hence, intervention of SHP2 is a
potential approach for cancer therapy®'~>*. Notably, allosteric in-
hibitors have inspired a novel strategy to selectively target SHP2 by
binding to the nonanalytic sites, especially for anti-tumor
therapy24728. To date, four allosteric inhibitors such as JAB-3068,
TNO155, RMC-4630, RLY-1971 have already entered clinical tri-
als for the solid tumors treatment””.

The previous work of our group about SHP2 in T cell indicated
that SHP2 depletion in T cells triggered an anti-tumor immunity
against colitis-associated cancer in mice’®. SHP2 inhibition
enhanced cytotoxic T-cell related antitumor immune response and
synergized with PD-1 blockade®'. However, the role of SHP2 in
other cell types of TMEs is still unclear. Therefore, we performed
single-cell RNA sequencing to explore the contribution of SHP2
inhibition to immunotherapy and tumor response. Our result found
that intratumoral cells was functionally heterogeneous of different
responses to SHP099, a SHP2 allosteric inhibitor with nanomolar
affinity>*. Using pseudotime analyses, we revealed that SHP099
treatment could intervene the tumor malignant evolution. Mech-
anistically, SHP099 enhanced type I interferon signaling both in
cancer cells and infiltrating immune cells, especially in T cell and
macrophages by regulating STING—TBKI1—IRF3 pathway.
Moreover, colon tissue samples from the MSS phenotypes of CRC
patients exhibited greater CD68" macrophages infiltration, more
potent phosphorylation of SHP2 in CD68" macrophages, and
lower IFN-G expression compared to that of MSI-H phenotypes,
suggesting the potential role of macrophagic SHP2 in TME. These
data reveal SHP2 allosteric inhibition remolds anti-tumor micro-
environment, indicating that SHP2 is a promising target for colon
cancer immunotherapy.


http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Materials and methods

2.1. Mice

Myeloid-specific SHP2 knockout mice (Ptpnll™%7") were
generated by crossing Ptpnl "% mice with Lyz2-Cre transgenic
mice. C57BL/6 mice (6—8 weeks old, 20—22 g) were purchased
from the GemPharmatech Co., Ltd. (Nanjing, China). Mice were
housed under specific-pathogen-free (SPF) conditions (22 £ 2 °C,
55 £ 10% humidity and 12 h light—dark cycle), and supplied with
sterilized food and water. Animal welfare and experimental pro-
cedures were carried out strictly in accordance with the Guide for
the Care and Use of Laboratory Animals (National Institutes of
Health, USA) and the related ethical regulations of Jiangsu
Province and our university. All efforts were made to minimize
animals’ suffering and to reduce the number of animals used.

2.2.  Reagents

SHP099 (Cat. #HY-100388) and SHP099 hydrochloride (Cat. #HY-
100388A) were purchased from MedChemExpress (Monmouth
Junction, NJ, USA). 2/,3-cGAMP (Cat. #tlrl-nacga23) was pur-
chased from InvivoGen (San Diego, CA, USA). ELISA Kits for
human and mouse IFN-G were purchased from Multi Sciences
Biotech Co., Ltd. (Hangzhou, China). Anti-p-TBK1 (Cat. #5483)
and anti-p-IRF3 (Cat. #4947) were purchased from Cell Signaling
Technology (Beverly, MA, USA). Anti-TBK1 (Cat. #DF7026) was
purchased from Affinity Biosciences (Cincinnati, OH, USA). Anti-
IRF3 (Cat. #11312-1-AP) and anti-STING (Cat. #19851-1-AP)
were purchased from Proteintech Group (Rosemont, IL, USA).
Anti-SHP2 (Cat. #sc-7384) was purchased from were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-3-
actin (Cat. #M20011) was purchased from Abmart (Shanghai,
China). Alexa Fluor 488 goat anti-rabbit IgG (H + L) cross-
adsorbed secondary antibody (Cat. #A11008) was purchased from
ThermoFisher Scientific (Waltham, MA, USA). All other chemicals
were obtained from Sigma—Aldrich (St. Louis, MO, USA).

2.3.  Cell culture

MC38 cell line was obtained from Cell Resource Center of the
Institutes of Biomedical Sciences at Fudan University (Shanghai,
China) and maintained in the appropriate culture medium sug-
gested by suppliers. THP1 cell line was obtained from Shanghai
Institute of Cell Biology (Shanghai, China) and cultured with
RPIM 1640 (Gibco, Grand Island, NY, USA) containing 10% FBS
in 5% CO, at 37 °C.

Bone marrow cells were flushed out from the femurs and tibias
of female C57BL/6 mice. After centrifugation for 5 min at 300x g,
erythrocytes were eliminated and the remaining cells were
cultured with DMEM supplemented with 10% fetal bovine serum
and 10 ng/mL M-CSF (Peprotech, Rock Hill, NJ, USA; Cat.
#315—02). Culture fluid was exchanged with culture medium
every 3 days. Under these conditions, adherent macrophages were
obtained within 7 days. Cells were harvested and seeded on 12-
well plates without M-CSF for 6 h, then the cells were used for
the experiments as BMDMs.

2.4.  Murine MC38 colon cancer xenograft model

C57BL/6 mice were inoculated with 1 x 10° MC38 cells into the
right flank. 5 days after the injection, the MC38 tumor-bearing

mice (an average size of 100 mm3) were distributed into 2
groups (n = 5 in each group) and treated with PBS, SHP099
hydrochloride (5 mg/kg, i. g, every day) for an additional 14 days.
Tumor tissues were excised on Day 19.

WT and Pipnl1”% ™'~ mice were subcutaneously injected with
1 x 10° MC38 colon cancer cells. Five days after the injection,
tumor volumes were measured every 2 days and calculated using
Eq. (1):

Tumor volume = 0.5 X L; X (Ly)? [€))

where L; and L, are the long and short diameters of the tumor
mass, respectively. Tumor tissues were excised on Day 23.

2.5.  ¢DNA library construction and single-cell RNA-seq

Solid tumors from mice were excised and mechanically dissoci-
ated into single cells using Tumor Dissociation Kit (Miltenyi
Biotec, Cat. #130-096-730). Single cells were captured in the
10 x Genomics Chromium Single Cell 3’ Solution, and RNA-seq
libraries were prepared following the manufacturer’s protocol
(10 x Genomics). The libraries were subjected to high-throughput
sequencing on an I[llumina Hiseq X Ten PE150 platform, and 150-
bp paired-end reads were generated.

2.6.  Process and quality control of the single-cell RNA-seq data

Single-cell RNA-seq data for each experiment were processed
with cellranger count (10 X Genomics CellRanger [v3.1.0])
based on the mouse reference genome GRCm38 (mml0).
Digital gene expression matrices were analyzed in R (v3.6.0),
using the Seurat (v3.2.0) package’”. Cells were filtered by the
number of UMIs (less than 6500 UMIs) and percentage of
mitochondrial genes (“percent.mt” lower than 10%), yielding a
total of 7934 and 7881 cells for the SHP099 and PBS experi-
ments, respectively. Normalization was performed with the
SCTransform™ function with regression of percentage of
mitochondrial genes. For integration, 3000 shared highly vari-
able genes were identified using the SelectintegrationFeatures
function. Integration anchors were identified based on these
genes using the FindIntegrationAnchors™ function with a
“SCT” normalization method. The data were then integrated
using the IntegrateData function. Principal component analysis
(PCA) and t-distributed stochastic neighbor embedding (t-SNE)
dimension reduction with the top 30 principal components were
performed. A nearest-neighbor graph using the 30 dimensions
of the PCA reduction was calculated using FindNeighbors,
followed by clustering using FindClusters with a resolution of
0.8. Candidate marker genes for each cell cluster were identi-
fied by the FindAllMarkers function. For each cluster of cells,
group-specific differentially expressed genes were identified
using the Wilcoxon Rank Sum test as implemented in
FindAllMarkers.

2.7.  Annotating cell clusters

For each cell cluster identified as above, a cell type was assigned
to it by using a combination of differentially expressed genes and
known gene signatures (Supporting Information Table S1).
Enrichment GO categories (Fig. 1F) for significantly expressed
markers (FDR < 0.001) in each cell cluster were identified by
enrichGO in the R package clusterProfiler (3.11.1). In order to
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identify specific biological pathways enriched in each cell cluster,
gene set enrichment analysis (GSEA) was performed based on the
log-transformed fold change of gene expression, as implemented
in the gseGO and gseKEGG function.

Chromosomal copy number variations (CNVs) were inferred
from the single cell gene-expression data using the inferCNV
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(1.3.3) R package. On a sample-by-sample basis, the immune and
fibroblast cells (non-malignant cells) were used as a reference to
estimate CNVs in the cancer-related cells. To run inferCNV, a
gene location file, which contains the chromosomal start and end
positions for each gene, were created by BioMart (v3.11)*>, and
a cutoff the minimum average read counts per gene among
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reference cells was set to 0.1. Putative CNV regions were iden-
tified by a hidden Markov model (HMM), and the output was
further denoised a Bayesian latent mixture model. In this regard,
the threshold of BayesMaxPNormal parameter was set to 0.5 to
filter out low-probability CNVs.

2.8.  Pseudo-time lineage trajectory

Monocle 2 (http://cole-trapnell-lab.github.io/monocle-release)
was used to infer the pseudotime trajectories of tumor cells to
identify and to visualize pseudotime-dependent gene expression.
Monocle orders cells by learning an explicit principal graph from
the single cell genomics data with Reversed Graph Embedding,
which robustly and accurately resolves complicated biological
processes. All pseudotime-dependent genes were visualized by the
plot_pseudotime_heatmap function taking a CellDataSet object.
Lineage trajectory plot and smooth expression curves based on
CellDataSet were generated by plot_cell_trajectory and plot_ge-
nes_in_pseudotime respectively” 5.

2.9.  Quantitative real-time PCR analysis

Total RNA was extracted from cells using RNAiso Plus reagent
(Takara, Cat. #9109) and reverse transcribed to cDNA and sub-
jected to quantitative PCR, which was performed with the BioRad
CFX96 ouch™ Real-Time PCR Detection System (BioRad, CA,
USA) and ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Cat. #Q711-02-AA), and threshold cycle numbers were obtained
using BioRad CFX manager software version 5.0. The program
for amplification was 1 cycle of 95 °C for 2 min followed by 40
cycles of 95 °C for 15 s and 60 °C for 30 s. The primer sequences
used in this study were listed in Supporting Information Table S2.

2.10.  Western blot analysis
Western blot analysis was performed as previously described™.
2.11.  Immunofluorescence

The treated cells were fixed and blocked in blocking buffer
(1 x PBS, 5% BSA, 0.01% Triton X-100) for 1 h. After incubated
with primary antibodies (1:200) at 4 °C overnight, cells were
washed with PBS 5 times, stained with fluorophore-conjugated
secondary antibodies (1:500) at room temperature for 90 min and
counter-stained with DAPI for 2 min. After washed 5 times, the
cells were observed with a confocal laser scanning microscope
(LSMS880, Zeiss, Oberkochen, Germany).

For tumor tissue sections, the sections were rehydrated,
washed and blocked in blocking buffer (1 x PBS, 5% anti-goat
serum, 0.01% Triton X-100) for 1 h, and then incubated with
primary antibodies (1:200) at 4 °C overnight. Sections were then
washed with PBS 5 times and stained with fluorophore-conjugated
secondary antibodies (1:500) at room temperature for 90 min.
After washed 5 times, samples were observed with a scanning
microscope (Slideview VS200, Olympus, Lake Success, NY,
USA).

2.12.  Flow cytometry

For multicolor flow cytometry analysis, solid tumors from mice
were excised and mechanically dissociated using Tumor

Dissociation Kit, Mouse (Miltenyi Biotec) on Day 14. After
blocked by species-matched anti-CD16/32 antibodies (BD Phar-
mingen) for 10 min on ice, single cell suspensions were stained
with anti-mouse CD45-Alexa Fluor 700 (clone 30-F11, Cat.
#560510), NK1.1-BB700 (clone PK136, Cat. #566502), CD3e-
BV510 (clone 145-2C11, Cat. #563024), CD4-BV605 (clone
RM4-5, Cat. #563151), CD8a-BB515 (clone 53—6.7, Cat.
#564422), F4/80-APC (clone BM8, Cat. #123116), CD86-PE-Cy7
(clone GL-1, Cat. #105014), CD206-BV421 (clone C068C2, Cat.
#141717), pSHP2-PE (pY542, clone 1.99-921, Cat. #560389) for
30 min. Gates were set by fluorescence minus one control for the
cell markers other than pSHP2 which was set based off of isotype
control. Then the samples were analyzed by Attune NxT (Thermo
Fisher). The gating strategies used are including in Supporting
Information Fig. S1.

2.13.  Single cell RNA-seq analysis of clinical colorectal cancer
samples

Single cell RNA-seq files was obtained from GSE132465 in
NCBI Gene Expression Omnibus (GEO) database. GSE132465
is a single-cell 3’ RNA sequencing dataset on 63,689 cells from
23 CRC patients with 23 primary colorectal cancer and 10
matched normal mucosa samples*”. Cell annotation was acces-
sible both in GEO and its citation. Downstream analysis was
performed by using Seurat and ggplot2 R package. Somatic copy
number aberrations were inferred from the single cell gene-
expression data using the CopyKAT (1.0.4) R package®'.
Goblet cells from normal mucosa samples were identified as
normal (diploid) cells passed to parameter ‘norm.cell.names’.
Cells with less than five genes on each chromosome were
filtered. The parameters ‘low. DR’ and ‘up. DR’ were set to
default value 0.05 and 0.2 respectively. Eventually, cells with
extensive genome-wide copy number aberrations (aneuploidy)
were considered as malignant cells.

2.14.  Human specimens

All human colorectal cancer samples were approved by the Ethics
Institutional Review Board of the Affiliated Hospital of Nanjing
University of Chinese Medicine (Nanjing, China; study number
2020NL-094-02). The patients’ information in this study were
listed in Supporting Information Table S3.

2.15.  Statistical analysis

Statistical analysis was performed using GraphPad Prism 8.0.
One-way ANOVA with a Tukey’s multiple comparisons post-test
was used to compare the groups. Paired or unpaired Student’s z-
test was used to detect statistically significant treatment effects
when only two groups were compared. P < 0.05 were considered
as statistically significant (*P < 0.05, **P < 0.01), ns represents
no significance. All data are expressed as mean == SEM.

2.16.  Data availability

Raw data for single cell RNA-seq samples are available in the
Gene Expression Omnibus (GEO) database as accession number
GSE164908.
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3. Results
3.1.  Intratumoral cell types defined by scRNA-seq

We collected the single cells from murine MC38 xenograft tumors
in PBS and SHP099 treatment groups (Supporting Information
Fig. S2). The transcriptomes of individual cells were obtained
by scRNA-seq using a droplet-based 10 x Genomics platform.
After quality control and filtering, 7934 and 7881 transcriptomes
of single cells for the SHP099 and PBS treatments were obtained
(Fig. 1A and Supporting Information Fig. S3). Five major cell
types including cancer cell, lymphoid cell, myeloid cell, fibroblast
and endothelial cell were defined as the major population in TME
(Fig. 1B). Unsupervised clustering with t-SNE revealed 17 sub
cell clusters, which were annotated by known or putative markers
(Fig. 1B and D). Cancer-related cells (C1-6) represented more
than half (~55%) of all cells (Fig. 1E). These cell clusters were
Ptprc negative (Cd45~) and functionally heterogeneous. For
example, these subsets were generally enriched for genes such as
hypoxia marker Bnip3 and Eroll, proliferation marker Cdc20 and
Top2a42, epithelial—mesenchymal transition marker Vim, and
extracellular matrix gene Dcn (Decorin) and Col3al (Fig. 1D).
Cell clusters C8-12 were classified as myeloid cell as they
expressed myeloid markers, such as Pf4, Argl, Lyz2, Sppl, Plac8
and CdI4, while clusters C13—15 were annotated as lymphoid cell
based on known markers such as Kirdl, Cd3d, Cd8a, Cxcr6 and
Foxpj’43 . The rest two clusters, fibroblast (C16) and endothelial
cell (C17), count for less than 2% of all cells (Fig. 1E), which
were identified by known markers Collal, Colla2 and Acta2 (for
fibroblast)*’, and CdhS, Pecaml, Kdr (for endothelial cell;
Fig. 1D). Accordingly, highly expressed genes in distinct cell
clusters were specially enriched for specific biological pathways
in line with their cell type origin (Fig. 1F). For example, fibroblast
(C16) was enriched for ‘extracellular matrix organization’ and
endothelial cell (C17) was enriched for ‘wound healing’. Inter-
estingly, although these cell clusters were proportionally distrib-
uted between the PBS and SHP099 groups, the composition of
cancer- and immune-related cells singingly changed between the
two treatment groups (Fig. 1E). Overall, our single cell tran-
scriptome data revealed the cell clusters corresponded to almost
major known cell types and provided an important resource to
study the molecular mechanism underlying the role of SHP2 in
TME.

3.2.  Characterization of tumor cells with functional
heterogeneity and transcriptome dynamics upon SHP099
treatment

Among the annotated cell types, all the cancer-related cell sub-
clusters showed significantly discrepant upon SHP099 treatment
(Fig. 1E). To figure out molecular alterations of the SHP099
treatment, we isolated these cancer cells for further analysis
(Fig. 2A). Among these, C1 was defined as hypoxia cancer cell
according to the marker genes including Bnip3, Higdla, Eroll and
related pathways, such as ‘response to hypoxia’, ‘ATP metabolic
process’, ‘oxidative phosphorylation’ and ‘intrinsic apoptotic
signaling pathway’ (Supporting Information Table S4). C2 was
characterized as high cycling cancer cell result from the marker
genes Knstrn, Tpx2, Cenpe, Cdc20, Birc5, Top2a and enriched
pathways ‘nuclear division’, ‘organelle fission’, ‘chromosome
segregation’ and ‘cell cycle phase transition’ (Supporting
Information Fig. S4A and Table S4). C5 was inclined to express

extracellular matrix. Notably, C4 and C6 were immunoreactive,
enriched for the activation of innate immune ‘response to inter-
feron-beta’ particularly. When comparing cancer cells from PBS
and SHP099 groups, we found 21 differentially expressed genes
(Fig. 2B and C). Interestingly, most of these differentially
expressed genes were upregulated in SHP099-treated cancer cells,
including JUN/FOS heterodimer complex (Jund, June, Fos and
Fosb), extracellular matrix (Aspn, Postn and Ogn) and type I
interferon inducible genes (Ifit/ and [fit2712a) (Fig. 2B and D).
Accordingly, biological pathways such as ‘response to interferon/
virus’ and ‘lymphocyte migration’ (immunologic) were highly
active in the SHP099-treated cancer cells, while survival-related
pathways were enriched in upregulated genes from the non-
treatment group (Fig. 2E and F). Given the association between
cancer and large-scale genomic alterations, we inferred copy-
number variations (CNVs) from scRNA expression by
comparing data between cancer cells and non-cancer cells
(including immune and stromal cells; Fig. 2G). We further
analyzed CNV-associated transcription factors (TFs) as their
major impact on shaping cell transcriptome dynamics. We found
168 CNV-associated TFs in all the cancer-related cell subclusters
(Fig. 2H). Compared to PBS-related cancer cells (non-treatment),
cancer cells of the SHP099 group largely gained TF expression
intensities across the genome (Fig. 2H), including proto-oncogene
Myc, Fosb and Fos, were also enriched for ‘cell differentiation’
and ‘chromatin remodeling’ (Supporting Information Table S5).
This finding is consistent with the above observation that cancer
cells of the SHP099 group showed more number of upregulated
genes (Fig. 2B).

3.3.  SHPO09Y9 restricts cancer malignant evolution

While the above analysis revealed heterogeneity among tumor
cells, we also wondered whether SHP099 could intervene the
tumor differentiation trajectories. When projecting all the cancer-
related cells onto the pseudotime, we found that these cells were
arranged into a major trajectory with three bifurcations and 7
states (Supporting Information Fig. SSA and S5B). Specifically,
the Ogn™ Den™&" Cd34™E" subcluster was identified as the prin-
cipal progenitor and a conspicuous malignant evolution toward the
cycling cancer subclusters (Fig. 3A). Moreover, the evolution was
arrested and blocked before node 3 after SHP099 treatment (Fig.
3B). Furthermore, we analyzed gene expression dynamics, iden-
tified five major pseudotime-dependent gene clusters and deter-
mined many similar cell fates genes, such as Top2a, Cdkl and
Bire5 (Fig. 3C; Fig. S5C and S5D). These proliferation marker
genes (such as Top2a and Cdkl) were distributed at the end of
trajectory with increased density and expression levels (Fig. 3D),
while Ogn showed an opposite trend (Fig. 3F). Notably, a differ-
entiation tendency toward IFN response cancer cell state with
SHP099 treatment was identified (Fig. 3A and B), and Cxcl10
were distributed at the bifurcation 1 and showed increased
expression in this group (Fig. 3E). Collectively, these results
suggest SHP099 inhibits cancer malignant evolution.

3.4.  Enhanced interferon signaling by transcriptome signatures
upon SHP099 treatment

Our previous work revealed that SHP099-mediated SHP2 inhibi-
tion elevated proportion and function of CD8" IFN-y" T cells to
enhanced anti-tumor responses’'. We analyzed the single-cell
gene expression patterns of T cells. Three subset cell clusters
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Pseudotime analyses reveal cancer cell malignant differentiation trajectories interfered by SHP099 treatment. (A) Pseudotime

ordering on cancer cells into a major trajectory with three bifurcations. (B) Distribution on the pseudotime trajectory of PBS and SHP099 groups.
(C) Gene expression dynamics analysis was performed on pseudotime identified five gene clusters pseudotime-dependent genes. Heatmap of the
expression levels for all differentially expressed genes and representative genes for each cluster are shown. (D) Feature plots of expression

distribution for Top2a, Cdkl, Cxcll0 and Ogn across pseudotime.

(CD8™ T cell, CD4" T cell and NK) were identified (Fig. 4A) on
the basis of their respective defined surface markers (Cd3e, Cd4,
Cd8a, Foxp3, Klrblc and Klirdl; Fig. 4B). As expected, “regula-
tion of T cell activation” related pathways were highly activated in
the whole T cell cluster compared with other cell clusters (Fig. 4C
and D), although each subclusters of T cells enriched some spe-
cific biological pathways based on their corresponding highly
expressed genes (Fig. S4B). Differential gene expression analysis
between PBS and SHP099 groups revealed elevated expression of

T cell activation genes (Cxcr6 and Tnfrsfl8) and IFN-induced
genes (Bst2, Icos, Ifitl and Ifi203) upon SHP099 treatment
(Fig. 4E and G). In particular, the changes in expression pro-
foundly occurred in a subcluster specific manner (Fig. 4F), which
is in agreement with pathway enrichment analysis of highly
expressed genes in each subclusters (Fig. 4H). For instance,
comparison of cell subclusters between PBS and SHP099 groups
revealed the overrepresentation of ‘response to type I interferon’
in CD8" T cells, while ‘interferon-gamma production’ and
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‘leukocyte activation’ in NK cells upon SHP099 treatment
(Fig. 4H).

Following our scRNA-seq findings above, type I interferon
signaling response was indicated enhanced in both cancer cells
and lymphoid cells, but not in fibroblasts (Supporting Information
Fig. S6). We asked to what extent this signaling response con-
tributes to in myeloid cells. We applied a similar analysis on

myeloid cells (Fig. 5), of which six subclusters were identified
based on known markers (Cdl4, Plac8, Cd68, H2-Abl, 1l1b, Pf4,
Clgc, Argl; Fig. 5A and B). All the myeloid subclusters displayed
overrepresentation of “activation of immune response” based on
highly expressed genes in each subclusters (Fig. 5C and D). To
identify changes in expression associated with SHP099 treatment,
we performed differentially expressed gene analysis in myeloid
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cells (Fig. 5SE and G). Of note, the expression of genes (Ccl7, Ifitl,
Ifit3, Cx3crl, Ifi203, Ifi2712a and Mndal) associated with ‘clas-
sically activated” (M1)** and type I interferon signaling response
elevated, while Argl, Vegfa and Ctsl belongs to ‘alternative acti-
vated” (M2)*° in TAMs abated. Thus, ‘response to interferon-beta’
pathway significantly activated after SHP099 treatment (Fig. 5H).

3.5.

SHP2 negatively regulates type I interferon signaling

In APCs, the sensing of extracellular DNA is first dependent on

phagocytosis*®

However, both of two adverse phagocytosis

checkpoints Lrpl and Sirpa expression were decreased, indicating
that the immunosuppression role of SHP2 was not dependent on
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influencing phagocytosis directly (Supporting Information Fig.
S7). To confirm whether SHP2 act on type I interferon signaling
directly, we performed experiments using allosteric inhibitor

SHP099 in THP-1-derived macrophage and BMDMs from Ptpnll
lyz2 knockout (KO) mice. (Fig. 6 and Supporting Information Fig.
S8). THP-1-derived macrophages were simulated by 2’,3'-cGAMP
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Figure 6 SHP2 negatively regulates type I interferon signaling via STING—TBKI1—IRF3 pathway. PMA-differentiated THP1 cells were

simulated by 2',3'-cGAMP (0.5 pg/mL) for 2, 4, and 6 h or simulated by 2’,3’-cGAMP for 4 h after incubation with or without the indicated
concentrations of SHP099 for 1 h. (A, B) Relative mRNA expression of CXCLI0, IFIT1, IFIT2 and ISG15 was examined by qPCR. (C, D) IFN-g8
in the supernatant were detected by ELISA. Primarily cultured BMDM:s from WT and Pipnl1”%~'~ were simulated by CMA (500 pg/mL) for 2,
4, or 6 h as indicated. (E) Relative mRNA expression of Cxcl10, Ifitl, Ifit2 and Isg15 were examined by qPCR. (F) IFN-£ in the supernatant were
detected by ELISA. Data represent mean + SEM; (A) and (C): n = 5; (B, D—F): n = 3; *P < 0.05. (G) Protein levels of p-TBK1, TBK1, p-IRF3,
IRF3, STING and SHP2 were analyzed by Western blot. 3-Actin was shown as loading control. (H) Primarily cultured BMDMs from WT and
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for 4 h after incubation with or without the indicated concentra-
tions of SHP099 or per-treated with 30 pmol/L SHP099 for 1 h
before challenge with 2/,3’-cGAMP (0.5 pg/mL) for 2, 4, and 6 h.
The mRNA levels of several type I interferon inducible genes
including CXCLI0, IFITI, IFIT2, ISG15 (Fig. 6A and B) and also
IFN-@ in the supernatants (Fig. 6C and D) were markedly elevated
by SHP099 in both time- and dose-dependent manner.

To address the underlying mechanism, BMDMs from WT and
Pipnl 127"~ mice were incubated with mouse-specific STING
agonist 10-carboxymethyl-9-acridanone (CMA), as the results
shown, the mRNA levels of CXCLI0, IFITI, IFIT2, ISG15 and
IFN-{ in the supernatants (Fig. 6E and F) were increased signif-
icantly upon SHP2 deletion. Moreover, SHP2 deletion attenuated
CMA-induced phosphorylation of TBK1 and IRF3 (Fig. 6G) and
IRF3 nuclear translocation (Fig. 6H). To confirm the role of SHP2
in TAMs in vivo, WT and Ppnl1”%*~'~ mice were performed with
murine MC38 colon cancer xenograft model. The tumor sizes and

weights in MC38 tumor-bearing Prpnl1”%~'~ mice displayed a

conspicuous decrease (Fig. S8C and S8D). The anti-tumor im-
munity, including immune cell infiltration, has been displayed
gradually weakening as the tumor size increases and SHP2 acti-
vation especially in macrophages. A maximum on Day 9 was
observed and followed by a gradual decline in the percentages of
CD8* T cell and CD86" macrophage. It suggested that Day 14
were more suitable for the distribution test of immune cells upon
SHP099 treatment (Supporting Information Fig. S9). Then, we
examined the immune microenvironment on Day 14. More im-
mune cell infiltrations (including NK cells, T cells, and macro-
phages) and higher percentages of antitumor immune cell
differentiation (CD8 T cells and M1 macrophages) were detected
in SHP099 treated group and SHP2 conditional knockout group
(Fig. 7A—D). Notably, the expressions of IFN-8 and Ifinbl in
tumor tissue were enhanced obviously with the decreased levels of
pSHP2 in CD861F4/80" cells (Fig. 7E—G, and Fig. S8E—S8F).

A B &
2.0 o 0.15 * S 08 * 15 - » 40 o £100 s
= = s _ o] <
x anm X o = L o . ®
i 2010 . g0® 2 1.0 t 5,50 8% . &
3 g . + 3 e [en 8 5 .
©1.04 o © R[04 =+ |.| 2° OS2 - @ 60
o Er ) : =) ) . <
@ 0054 [5] | =] & & 0.5 3 &
4 . s
8 05 é g 0.2 . N . 3 10 . o 40 "
* a
0.0- 0.00-—=—""+—— © oo+ 0.01+—1 & oL~ 0 20l
PBS SHP099 PBS SHP099 PBS SHP099 PBS SHP099 8 PBS SHP099 PBS SHP099
C D&
3, = 0209 _** 508, 20 = S 40 : 100
— e . 2 . . . = . o
S B . ) S O 2 :
z 2 P 0.15 g 0.6 - 1.5 o 30 g 80 . $
o © + . o] [m] s
© . ©0.10 E Q04 ©109 o |-° O 20 ) 8 60
s + 8 o . + ‘o . 3F N
= E . " e . ) .| k& .
8 % 0.05 © 0.2 . ¥ 0.5 o 10 . Eg 40
Q *u o
0- lyz2-/ 0.00 T T lvz2 S 0.0 T T 0.0 T T 1v22-/ 8 0 T T O 20 T T
WT Ptpn11¥+" WT Ptpn11¥2<" WT Ptpn11Y?2" WT Ptpn11¥**" & WT Ptpn11¥2%+ WT Pton11¥22*
E cpss* Fa/s0* F
T
Isotype PBS SHP099 4
| =
£3
PBS 7 %
| A | : 2
[ | 8
(2}
| SHP099 o 1
T
0
oo S e e FES SHEF0oE PBS SHP099
: Isotype G \yz2-1- *%
| 30 - WT Ptpn 11" 4 -
. £3
WT| £20 T =
+ o2
_J\L & 1| z 2
| ppntvez-| 5107 [« oM
) -
461 APz 445 4G4 465 T T 0 lyz2-/-
10° 10" 102 10° 10% 105 10° WT Ptpn1 vz WT Ptpn11
pSHP2
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Figure 8 The association of PTPNI1 and type I interferon signaling is verified using human colorectal cancer samples. Single cell RNA-seq
dataset was obtained from GEO database (GSE132465) which contains 63,689 cells from 23 CRC patients (MSS, 19 patients; MSI-H, 4 patients)
with 23 primary colorectal cancer and 10 matched normal mucosa samples. (A) t-SNE plot of all cells colored by their cell type (bottom). (B)
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Taken together, SHP2 negatively regulates type I interferon
signaling and antitumor immunity in mice.

3.6.  The clinical relevance of macrophage-expressed
phosphorylated SHP2

To further confirm the above results, a single cell RNA-seq dataset
was downloaded from Gene Expression Omnibus (GEO) database
which contains 63,689 cells from 23 CRC patients (MSS, 19 pa-
tients; MSI-H, 4 patients) with 23 primary colorectal cancer and
10 matched normal mucosa samples*’. According to the details
published, the cells were annotated as six major cell types
including T cells, myeloid cells, epithelial cells, B cells, mast
cells, and stromal cells, which are featured by marker gene CD3e,
CD68, SPP1, TFF3, PNCA, CD19, CPA3, PECAM1, and COLIAI
respectively (Fig. 8A and B). Notably, the PTPNI1 expressions in
T cells, myeloid cells, and epithelial cells were negatively corre-
lated with the expressions of type I interferon-inducible genes,
even including upstream genes TMEMI173, TBKI, and IRF3
(Fig. 8C). After consensus molecular subtypes (CMS) and somatic
copy number aberrations combined analysis, malignant cells were
mainly concentrated in MSS subtypes, especially in CMS2 sub-
types (Fig. 8D and E). CMS2 subtype (37% of all CRC) is
commonly named ‘immune desert’ which is featured as poor
intratumoral immune response with low levels of immune infil-
tration’. Importantly, PTPNII is highly expressed in T cells,
myeloid cells, and epithelial cells rather than stromal cells and B
cells in this subtype. In contrast, PTPN11 expression, especially in
myeloid cells, was relatively lower in the less malignant pheno-
types including MSI-H subtype (Fig. 8F). These results indicate
that there is a negative correlation between PTPNII and type I
interferon signaling in myeloid cells from human colorectal can-
cer samples.

Therefore, the role of SHP2 in tumor-associated macrophage
was indicated in colorectal cancer samples. We used TIMER al-
gorithm to perform the cumulative survival of low/high immune
infiltration level including lymphoid B cell, CD8" T cell and
CD4™" T cell or myeloid dendritic cell, macrophage and neutrophil
in CRC patients. Compared to the other types of immune infil-
tration (Supporting Information Fig. S1I0A and S10B), macro-
phage infiltration level displayed a significant negative correlation
with cumulative survival (Fig. 9A). Moreover, Ptpnll expression
showed a significant positive correlation with the levels of several
pro-tumor genes MRCI, CTST and MMP9 in TAMs (Fig. 9B).
However, total Ptpnll expression displayed a negative correlation
with cumulative survival (Fig. S10C), indicated a potential role of
SHP2 in other cell types that still need to be further explored.
Next, we collected colon cancer tissue samples from 35 CRC
patients, including 23 MSS phenotypes and 12 MSI-H phenotypes.
These two groups were similar for gender composition and
average age (Supporting Information Fig. S11). Immunofluores-
cence was performed for detecting infiltration of macrophages and
the phosphorylation level of SHP2 (Fig. 9C). The percentage of

infiltrated macrophages was positively correlated with the age of
the patients (Fig. 9D). Moreover, MSS phenotypes of CRC pa-
tients displayed more infiltrated CD68" macrophages and more
potent phosphorylation of SHP2 in macrophages than MSI-H
phenotypes (Fig. OE and H). These findings indicate that more
attention should be paid to SHP2-mediated innate immunosup-
pression for older CRC patients. Notably, IFN-@ expression was
lower in MSS phenotypes (Fig. 9F and I) and negatively correlated
with the phosphorylation of SHP2 in macrophages (Fig. 9G). To
sum up, our results reveal that TME remolding by inhibition of
over-activated SHP2 in TAMs is a potential strategy for colon
cancer therapy.

4. Discussion

Tyrosine phosphatase SHP2 has been extensively studied as an
oncoprotein in the downstream of RAS/MAPK pathway. More-
over, a broad spectrum of mutation of this protein was found in
human diseases'>'®. So the inhibitors against catalytic sites in
SHP2 has developed for many years. But in general, increased
tyrosine phosphorylation activity is a hallmark of many cancers,
and PTPs are considered as negative regulators of signaling
pathways and tumor suppressor genes, such as tumor suppressor
PTEN (phosphatase and tensin homolog). Therefore, none of PTP
inhibitors has advanced to clinical due to the unacceptable po-
tency/selectivity”’. Nowadays, allosteric inhibition has become a
novel strategy to selectively target SHP2 for tumor treatment.
Specially, allosteric inhibitors including SHP099 can lock the PTP
and N-SH2 domain interaction to maintain the auto-inhibited
conformation for SHP2 blockade selectively24. What’s more,
Zhu et al.*’ uncovered a common well-folded PTP domain
dependent liquid—liquid phase separation (LLPS) behavior in both
enzymatically activating and inactivating disease-associated SHP2
mutants. The LLPS was regulated by multivalent electrostatic
interactions and intrinsic conformational changes which reflects
the huge application advantages of allosteric inhibitors.
Considering the diverse known role of SHP2****7 we tried
to explore the global role of SHP2 in TMEs by performing single-
cell RNA sequencing with allosteric inhibitor SHP099 treatment.
At first, we observed SHP099 restrict cancer malignant evolution
by pseudotime analysis and some interesting genes dynamics
(Fig. 3). Among the differentially expressed genes, the expres-
sions of JUN/FOS heterodimer complex (Jund, June, Fos, Fosb),
especially Fos, were higher in SHP099 group (Fig. 2B and C).
¢-FOS (encoded by FOS) is known as a downstream gene product
of ERK to form activator protein 1 (AP-1) transcription factor
participating in cell proliferation, transformation, death, immune
response and chemoresistant™' >, Usually, the inhibition of SHP2
can lead to ERK inhibition and FOS down-regulation. Interest-
ingly, O’Flanagan et al.” reported hundreds heat shock and stress
response genes, including FOS and JUN induced when tissue
dissociated by collagenase at 37 °C. While in our data, we did not
find this phenomenon in other cell types. Therefore, we speculated

Expression of example marker genes. (C) Heatmap of the expression level of PTPNI1 and type I interferon inducible genes of T cells, myeloid
cells and epithelial cells. (D) Landscape of inferred large-scale chromosomal copy number variations (CNVs) distinguishing diploid cells and
aneuploidy cells. Gained (red) or loss (blue) CNVs were inferred in each chromosome. Cancer cell sub-clusters are colored according to cell
types. Cluster analysis divided the cells into two parts and the cells in red bar with extensive genome-wide copy number aberrations were
considered as malignant cells. (E) t-SNE plot of all selected cells colored by predicted results in (D) and their cell type. Unidentified cells mean
the invalid cells was filtered. (F) Left, average expression of PTPNI1 of all samples in all major cell types. Right, Barplot showing the proportion
of diploids, aneuploidy and unidentified cells in each tumor tissue with the MSH or MSS type annotating.
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Figure 9  Oncogenic role of SHP2 in tumor-associated macrophage of colon cancer. (A) Cumulative survival of low and high macrophage
infiltration level in CRC patients via TIMER algorithm. (B) The correlations between PTPNI1 and MRCI, CTST, MMP9 were performed by
Gene_Corr module on TIMER website. The expression of CD68 (shown in green) and p-SHP2 (Y542, shown in red) of section samples from CRC
patients were analyzed via confocal microscopy. Cell nuclei were visualized by DAPI (blue). Total cell numbers, the numbers of CD68" and
CD68" pSHP2"€" population were analyzed by Tmagel followed by visualized with bubble map (C). (D) Linear regression correlation analysis of
CD68™ cell infiltration level and patients’ age. MSS group was shown in blue and MSI-high group was shown in red. (E) The percentage of
CD68" and CD68* pSHP2"E" population in the tissue samples. (F) IHC scores of IFN-8. (G) Linear regression correlation analysis of IFN-g THC
scores and CD68 " pSHP2"" population. Data represent mean & SEM, MSS: n = 23, MSI-H: n = 12; *P < 0.05, **P < 0.01. Representative IF
(H) and IHC (I) images of MSS and MSI-H groups. Scale bar, 100 pm.
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Figure 10  The graphic illustration of the mechanism of SHP2-mediated tumor immunosuppression in colon cancer defined by single-cell RNA

sequencing. All cell types of tumor microenvironment (TME) from murine MC38 xenograft tumors upon SHP099 treatment were investigated by
single-cell transcriptomics. SHP2 negatively regulates type I interferon signaling by preventing STING—TBKI1—IRF3 signaling pathway in
tumor-associated macrophages. SHP2 allosteric inhibition remolds the anti-tumor TME, indicating that SHP2 is a promising target for colon

cancer immunotherapy.

it maybe an intrinsic develop response of tumor to SHP099
treatment or increased IFN-8 expression in TMEs or stronger
CD8* T cell-induced cytotoxicity, which is required to be further
investigated.

The previous work of our group revealed SHP2 deletion and
inhibition in T cells triggered an anti-tumor immunity”*>'. In this
study, we reveal that SHP099 treatment enhanced type I interferon
signaling in CD8™ T cell and triggered NK cell activation (Fig. 4).
Notably, Li et al.”® reported intrinsic cGAS—STING-mediated
type I interferon signaling in T cell can promote the maintenance
of stem cell-like CD8" T cell. NK cells were also reported to be
activated in an type I interferon induced IL-15-dependent manner
which provides another option to target the tumors with low
neoantigens or class I MHC expression deficiency evade CD8™ T
cell cells””. All of them provides insight into the development of
improved lymphocytes cell therapy targeting SHP2 involved type
I interferon signaling. Meanwhile, we noticed Elsa Quintana
et al.”® reported additional functions for SHP2 beyond checkpoint
transduction in T cells when observed the combination of SHP2
inhibition and checkpoint immunotherapy. They found that SHP2
inhibition produced a direct depletion of protumorigenic M2
macrophages by CSF1 receptor (CSFIR) signaling blockade.
Here, we demonstrate SHP099 enhanced type I interferon
signaling in macrophages by regulating STING—TBKI1—IRF3
pathway (Figs. 5 and 6). Significantly, a study before investigated
SHP2-mediated E3 ubiquitin ligase TRIM27-induced TBK1
degradation a similar mechanism in host antiviral innate immune
responses’”. Moreover, SHP-2 was reported to bind to the kinase
domain of TBK1 directly by C-terminal domain (273—538,

including PTP domain) SHP-2 and inhibit phosphorylation of
substrate by TBK1°’, which supported our results. TBK1 was
found to be more dephosphorylated and degraded in WT group
than Ptpnl1®*'~ group after stimulation for 2 and 4 h (Fig. 6G).
However, they thought SHP-2 inhibited the activity of TBKI1
through a tyrosine phosphatase activity-independent mechanism,
because mutation of C463S, which disrupted the tyrosine phos-
phatase activity of SHP-2, did not reverse the inhibition of poly
(I:C)-induced IFN-G production and TBK1-activated IFN-§ re-
porter gene expression. But we think more evidence is needed for
this conclusion, especially the discovery of mutant SHP2-
mediated WT SHP2 activation by LLPS"’. Additionally, a recent
study reported a totally opposite role of SHP2 in TAMs of CRC.
They found absence of SHP2 on TAMs result in M2 phenotype
polarization. But the cell line they used CT26 is BALB/c mice
colon adenocarcinoma cell line, which is not appropriate for the
experiments with C57BL/6 mice®'.

Compared to MSI-H phenotype, MSS in colon cancer features
as neoantigens deficiency, immune resistance and implies unfa-
vorable response to immune checkpoint blockade therapy”.
However, the molecular nature of phenotypes is not well eluci-
dated. Recently, Bao et al. investigated the molecular features in
MSI and MSS colon cancer at the single-cell level. They found
higher abundance of exhausted CDS8™ T cells, activated NK cells,
and M1 macrophages in MSI colon cancer rather than MSS colon
cancer®”. However, they analyzed the lymphocytes and malignant
cells features without myeloid cells which took up a large per-
centage of global clusters, especially in MSS group. In contrast,
our results suggest that SHP2 phosphorylation in APCs acts as a
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cause of innate immunosuppression that leads to neoantigens
deficiency and limited immune cells infiltration (Figs. 8, 9C and
9H).

5. Conclusions

Our study reveals SHP2-mediated innate immunosuppression in
colon cancer microenvironment. SHP2 allosteric inhibition
remolds the anti-tumor TME which indicated that SHP2 is a
promising target for colon cancer immunotherapy (Fig. 10).
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