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Immune checkpoint HLA-E:CD94-NKG2A mediates
evasion of circulating tumor cells from NK cell

surveillance

Graphical abstract

Single cell RNA-seq Cell-cell interaction

HAVCR2,
TIGIT, /..

PDAC patient

,_/ g '\'\\;/

Q'.f(?fj’;
— ‘9 5 —

t YA X GALS9,
i ~/NECTIN2/3,
Liver metastasis ¥ Metastatic T cell
tumor cell
—-'- X ] CD94-|
(5] — 5 JEEE
e ¥ " T
CTC in portal vein '
blgod CTC NK cell
HAVCR2,
TIGIT, ¢
{ »
8 —> e LGALS9,
. NECTIN2/3,
Primary T cell

Primary tumor tumor cell

p\Suweillance

n No treatment ‘
k\-’)_| NK S
NK 3 CIE
Platelet Inoculation by Metastatic formation
i.v. injection
&y Platelet derived i{
: RGS18 #A Antibody treatment
cTC LY

cTC &jNK

CTC internalization Metastatic inhibition

HLA-E upregulation
of platelets P

Inoculation by
i.v. injection
Blockade of HLA-E:CD94-NKG2A
inhibits tumor metastasis

CTCs escape NKs immunosurveillance
via HLA-E: CD94-NKG2A

Highlights
e Distinct immune-tumor interactions in circulation, primary,
and metastatic lesions

e CTCs escape from NK surveillance by hijacking immune
checkpoint HLA-E:CD94-NKG2A

e Blockade of HLA-E:CD94-NKG2A prevents PDAC tumor
metastasis via blood circulation

e CTCs upregulate immune checkpoint molecule HLA-E by
engaging platelet-derived RGS18
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In brief

Circulating tumor cells (CTCs) are
regarded as “seeds” of tumor metastasis.
By dissecting the interaction between
CTCs and immunocytes at single-cell
scale, Liu et al. propose that CTCs escape
immunosurveillance from NK cells by
engaging the immune checkpoint HLA-
E:CD94-NKG2A. Interrupting the
checkpoint efficiently prevents tumor
metastasis via the blood circulation.
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SUMMARY

Circulating tumor cells (CTCs), shed by primary malignancies, function as “seeds” for distant metastasis.
However, it is still largely unknown how CTCs escape immune surveillance. Here, we characterize the tran-
scriptomes of human pancreatic ductal adenocarcinoma CTCs, primary, and metastatic lesions at single-cell
scale. Cell-interaction analysis and functional studies in vitro and in vivo reveal that CTCs and natural killer
(NK) cells interact via the immune checkpoint molecule pair HLA-E:CD94-NKG2A. Disruption of this interac-
tion by blockade of NKG2A or knockdown of HLA-E expression enhances NK-mediated tumor cell killing
in vitro and prevents tumor metastasis in vivo. Mechanistic studies indicate that platelet-derived RGS 18 pro-
motes the expression of HLA-E through AKT-GSK3B-CREB signaling, and overexpression of RGS18 facili-
tates pancreatic tumor hepatic metastasis. In conclusion, platelet-derived RGS18 protects CTCs from NK-
mediated immune surveillance by engaging the immune checkpoint HLA-E:CD94-NKG2A. Interruption of

the suppressive signaling prevents tumor metastasis in vivo by immune elimination of CTCs.

INTRODUCTION

Immune checkpoint blockade (ICB) has revolutionized the treat-
ment of multiple cancer types. The breakthrough of this regimen
largely benefits from the promotion of knowledge on tumor im-
mune evasion. The balance between immune defense and
self-tolerance is delicately controlled by immune checkpoint mo-
lecular pairs. Tumor cells escape the T cell-based immune sur-
veillance by hijacking the mechanism and pretending to be a
part of healthy self-tissue.”? By blockade of inhibitory check-
points, agents release the immune-suppressive regulation and
restore tumor-specific cytotoxicity of T lymphocytes. In the
past decade, the FDA has approved seven monoclonal antibody
drugs that block interactions of PD-1:PD-L1 and CTLA-4:B7-1/
B7-2 for more than 20 indications, including metastatic mela-
noma, non-small cell lung cancer, kidney cancer, hepatocellular
carcinoma, etc.®° Recently, a 6-year follow-up study on mela-
noma patients showed sustained tumor suppression with anti-
PD-1 single-agent treatment, indicating a reliable long-term
benefit.®” Despite the great success, the remarkable responses
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are limited to a minority of patients and few indications, which
highlighted the requirement of developing more effective regi-
mens by targeting alternative potential immune checkpoints.
Currently, exhaustive efforts have been made to investigate the
immune checkpoint molecular pairs between tumor cells and
variant types of immunocytes in the primary or metastatic niche
of solid tumors. However, little attention has been paid to
exploring the immune surveillance of tumor cells in circulation.
Since blood circulation is a predominant route for tumor spread
from original loci to long distant organs,® '° investigation of the
interaction between tumor cells and immunocytes in the blood-
stream may provide a strategy to interrupt the metastasis by
evoking the host immune elimination system. Here, we investi-
gate (1) whether tumor cells traveling in circulation will be at-
tacked by immunocytes; (2) which type of immune cells exerts
the function of immune elimination; and (3) how circulating tumor
cells (CTCs) escape this immune surveillance via inhibitory
checkpoint pairs.

To address these questions, we engaged a canonical model of
tumor metastasis by way of blood circulation, pancreatic ductal
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adenocarcinoma (PDAC). As well documented, PDAC is one of
the most lethal malignancies with a 5-year survival rate of
approximately 8%."" A major obstacle impeding survival benefit
is that the aggressive nature of this malignancy is associated
with a high potency of metastatic dissemination to adjacent or-
gans, primarily the liver."*'® The investigations of pathology
and anatomy indicate that the metastasis of PDAC from the pri-
mary pancreatic lesion to the liver is predominantly through the
hepatic portal vein (HPV) system.'®'® Thus, the CTCs from
HPV blood represent the intermediate status of tumor cells in cir-
culation. Elimination of CTCs in HPV may potentially interrupt the
way of tumor metastasis.

Here, we profiled the tumor-immunocyte interactions in blood
circulation and solid (primary and metastatic) malignant lesions
at single-cell scale. By systematically dissecting immune-related
molecular pairs, we identified a specific immune checkpoint
HLA-E:CD94-NKG2A, which mediates the CTC immune evasion
from natural killer (NK) cell immune surveillance. Interrupting the
interaction prevented pancreatic tumor metastasis by restoring
the NK cytotoxicity, which provided an effective strategy for
the prevention of CTC-mediated tumor metastasis.

RESULTS

Single-cell RNA sequencing profiling the cellular
ecosystem in primary, CTC, and metastatic lesions

of PDAC

Atotal of six treatment-naive PDAC patients with liver metastasis
were screened by computed tomography scan and tumor
markers (Figure S1A; Table S1). Biopsies from HPV blood, pri-
mary, and liver metastatic lesions were collected using laparos-
copy apparatus followed by histopathological validation
(Figures 1A, S1B, and S1C). The exome sequencing shows
similar patterns of copy number variation (CNV), driver mutant,
and single-nucleotide variant distribution between primary and
metastatic tumors, indicating the genetic inheritance
(Figures S1D-S1H).

The transcriptome of primary and metastatic tumor biopsies,
as well as CTCs, were obtained and characterized at single-
cell scale by 10x genomics technology (Figures 1A and S2A;
STAR Methods). Here, CTCs were isolated from HPV biopsies
by microfluidics with EpCAM/CA19-9 capture probes and vali-
dated by immunofluorescence staining (Figures S2B-S2D;
STAR Methods). The microfluidics system shows similar CTC
capture efficiency but better cellular integrity protective capa-
bility compared with flow cytometry methodology (Figures S2E
and S2F). After the quality check, a total of 74,206 single-cell
transcriptomes were obtained, including 27,296 cells from pri-
mary tumors, 36,922 cells from liver metastatic tumors, and
9,988 cells from HPV blood (Figures 1B and 1C).

We combined single-cell RNA sequencing (scRNA-seq) data
and defined cell populations, which were visualized by t-SNE
plots based on cell type (Figure 1B), tissue origin (Figure S3A),
and patient origin (Figure S3B). PTPRC-negative (CD45") cells
are further defined as epithelial cells (EPCAM*, KRTS8",
KRT18*, KRT19%), fibroblast (FAP*, COL1A1*, DCN"), endothe-
lial cells (VWWF*, CDH5*, ENG*, PECAM1") (Figures S3C and
S3D). PTPRC-positive (CD45") cells are further defined as B cells
(CD79A*, CD79B*, MS4A1"), myeloid cells (AIF1*, CD14*,LYZ",
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FPR1%),NK cells (KLRF1*, KLRD1*, GNLY"), and T cells (CD3D",
CD3E*, CD3G™"). CTCs from HPV are defined by marker genes
(PTPRC™, PPBP*, PF4*, CD9*, KRT8*, TIMP1"), and are vali-
dated by malignancy index CNV with the CopyKT algorithm
(Figures 1C, S3E, and S3F). Upon strict filtration, a total of 523
CTCs were identified. Endothelial cells, which are derived from
different patients and organs, are clustered together on the
plot, implying that they share similar expression signatures
(Figures 1B, S3A, and S3B). It also suggests that the operating
batch variation is limited. Moreover, the results show that the
sequenced cells are widely distributed in all patients and organs,
albeit at different proportions, convincing the representativeness
of the data (Figure S3G).

Transcriptional characterization of primary, CTC, and
metastatic PDAC at single-cell scale

To characterize the alteration of transcriptional signatures dur-
ing PDAC metastasis, we defined tumor cells from the epithe-
lial cell population by CopyKAT (Figure S4A) and presented
them along with CTCs on t-SNE plots. Tumor cells from solid
lesions are clustered principally by patients, indicating that the
interpatient heterogeneity is distinct (Figures S4B-S4E). Differ-
ential gene expression (DGE) analysis and transcriptomic cor-
relation analysis reveal a highly similar expression pattern be-
tween primary and metastatic tumor cells (Figures S4F and
S4G), which is probably attributed to their common driver
oncogene mutants, such as KRAS®'?Y® (Figures S1E
and S1H).

On the contrary, CTCs, even from different patients, fall into
one cluster, which is well separated from solid lesion-derived tu-
mor cells (Figures S4D and S4E). DGE analysis shows that a
great number of platelet-related genes are significantly enriched
in CTCs but not in tumor cells from solid lesions (Figures 1D and
S4H; Table S2). Surprisingly, among the top 100 overexpressed
genes in CTCs, 32 of them are identified as platelet-related
genes (Figure S4l). As canonical characters, the upregulation
of EMT-related genes and loss of epithelial genes were observed
in the CTC population (Figures 1D and S4J). Moreover, GPCR
family genes, including RGS18, NRGN, GNG11, CCL5, etc.,
are significantly upregulated in CTCs, whereas ribosome-related
genes are significantly downregulated. These specifically ex-
pressed genes render CTCs a “unique” feature across all tested
patients.

The bio-signature characterization by CluGO unravels CTC-
specific signatures, including immune-related signaling,
platelet-related signaling, oncogenic signaling, cell cycle,
apoptosis, metabolism, EMT, RNA, and biosynthesis (Fig-
ure S5). The predominant signatures in each category are pre-
sented by gene set enrichment analysis (Figure 1E). In line with
the result of DGE analysis, platelet-related signatures, and
synthesis of biomacromolecule signatures are significantly
up- and downregulated gene sets, respectively. More impor-
tantly, the immune-related signature is more active in the
CTC population compared with that in primary and metastatic
tumors, implying a potential interaction between CTCs and im-
munocytes in circulation (Figures 1E and S5). This interaction
reflects the surveillance from the host immune system and
the immune evasion of CTCs, which largely determines the
destiny of CTCs in the process of metastasis.
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Figure 1. Transcriptomic characterization of PDAC primary tumors, metastatic lesions, and CTCs at single-cell scale

(A) The experimental scheme for investigating the mechanism of PDAC metastasis.

(B) The t-SNE plot presents all sequenced cells based on cell type (n = 18 samples, 74,206 cells).

(C) The t-SNE plots show cell types from biopsies of primary tumors, portal vein blood, and metastatic tumors, respectively.

(D) The top/bottom 30 differentially expressed genes between CTCs and tumor cells from solid lesions were displayed based on the normalized Z score. Genes related
to platelets (purple), GPCR family (yellow), epithelial to mesenchymal transition (EMT, red), epithelial (green), and ribosome (navy blue) were highlighted, respectively.
(E) The differentially enriched gene sets between CTCs and tumor cells from primary/metastatic lesions were presented with distinct color codes. Immunology
(navy blue), platelet (green), oncogenesis (marron), EMT (red), biosynthesis (orange), apoptosis (purple), metabolism (magenta), and cell cycle (cyan). See also
Figures S1-S5 and Tables S1 and S2.
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Figure 2. Tumor-immune cellular interaction in HPV blood, primary, and metastatic tumors
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(A) t-SNE projections of sub-clustered CD45* (PTPRC™) immune cells from all 18 biopsies. Clusters are color-coded according to cell type.
(B) The t-SNE plot shows the tissue origin of all immunocytes.

(legend continued on next page)
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Immune surveillance during the process of PDAC
metastasis

To characterize the specific immune-related behavior of CTCs, we
first dissected immunocytes by re-clustering all CD45* immune
cells from HPV blood and primary and metastatic tumors
(Figures 2A and 2B). According to canonical markers, immuno-
cytes are categorized into eight lymphoid subtypes, including NK
cells (KLRD1*, KLRF1*), NK-T cells (CD3D*, CD3E*, KLRD1*,
KLRF1*), CD8-exhausted T cells (CD8 Ex; CD8A*, PDCD1*,
LAG3"), CD8 effector T cells (CD8 EFF; CD8A*, IFNG*, GZMA"),
memory T cells (CD3D*, CD44*, IL7R*, LTB*), naive T cells
(CD3D*, CCR7*, TCF7*, SELL*, LEF1*), Treg cells (FOXP3",
IL2RA™), and B cells (CD79A", CD79B"), and seven myeloid sub-
types, namely neutrophil (CD74~, FCGR3B*, FPR1"), monocyte
(CD14*, S100A12*, FCGR3A*), M1 macrophages (FCGR3A",
CD68", ITGAX", ITGAM*), M2 macrophages (CD163*, MRC1*,
MSRT1"), classical DC (cDC; CD1C*, FCER1A*, CLEC10A"),
plasma DC (pDC; LILRA4*, IL3RA"), and mast cells (MS4A2*,
TPSABT*, KIT") (Figures 2C and S6A).

To investigate the direct tumor-immune interaction, we charac-
terized the molecular interactions of ligand-receptor pairs on the
surface of tumor cells and each subtype of immunocytes by
CellPhoneDB. Distinct immune-related ligand-receptor pairs
were identified at the primary lesion, circulation spreading stage,
and metastatic foci, implying dynamic alterations of immune sur-
veillance during tumor metastasis (Figures 2D-2F; Table S3). In
the microenvironment of primary/metastatic lesions, complicated
and intensive interactions were observed between tumor cells and
multiple types of immunocytes, such as CD8" T cells, macro-
phages, NK cells, etc., whereas, the tumor-immune interactions
in blood circulation are relatively simple. A predominant interac-
tion between CTCs and NK cells was observed (Figure 2E). We
then characterized the transcriptional landscape of NK cells
from primary tumors, HPV, and metastatic tumors. The transcrip-
tomes of NK cells in primary and metastatic tumor lesions are
similar to each other (Figures S6B-S6E). GSVA analysis indicates
that the signatures of the innate immune system and NK-mediated
cytotoxicity are significantly enriched in NK cells from HPV,
whereas the signatures related to hypoxia, cell cycle, apoptosis,
and oncogenic pathways are enriched in NK cells from primary
and metastatic tumors (Figure S6F). Consistently, the genes
related to NK cells and the innate immune system, including
KLF2, KLRG1, GZMH, FGFBP2, etc., are upregulated in NK cells
from HPV. In line with the GSVA analysis, the levels of LDHA (hyp-
oxia), CENPF (cell cycle), FOS (apoptosis), and JUN (oncogenic)
are upregulated in NK cells from solid lesions (Figure S6G).

Cancer Cell

The immune-related ligand-receptor interactions, namely mo-
lecular pairs of immune checkpoints, were then characterized.
The interactive molecule pairs in primary lesions and metastatic
foci share considerable similarities (Figure 2G). Constant interac-
tion between HLA-C and FAM3C was observed between tumor
cells and almost all types of immunocytes, suggesting a house-
keeping communicational function (Figure S7A). Interestingly,
we did not find the PD-1 (PDCD1)/PD-L1(CD274) interaction
and T cell homing interactions, such as CXCR3-CXCL9/
CXCL10/CXCL11 and CCR7-CCL19/CCL21, in both blood and
solid tumor biopsies (Figures S7B and S7C), which was further
confirmed by lack of gene expression of PD-L1 and the chemo-
kines (Figures S7D and S7E). This provides a potential explana-
tion for the recent negative outcome in clinical trials of PDAC
with PD-1/PD-L1 blockade treatment.'®'” On the contrary, inten-
sive co-inhibitory or co-stimulatory interactions, for instance,
LAGLS9-HAVCR2, TIGIT-PVR, and TIGIT-NECTIN2/3, were
identified between tumor cells and exhausted T cells in primary
and metastatic lesions, implying a potential immune therapeutic
strategy for PDAC (Figures 2G and S7C).

Notably, a unique pattern of immune checkpoint molecule
pairs was observed between CTCs and immunocytes in circula-
tion (Figure 2G). Among these interactive molecule pairs, HLA-E
and CD94-NKG2s were identified as the most intensive immune
interactions between CTCs and NK cells in forward (NK to
CTC:CD94-NKG2A:HLA-E, CD94-NKG2C:HLA-E, and CD94-
NKG2E:HLA-E) and in backward (CTC to NK:HLA-E:KLRC1,
HLA-E:KLRC2, and HLA-E:KLRK1). Further dissection indicates
that NKG2A, NKG2C, NKG2D, and NKG2E may all potentially
mediate the interaction. Previous studies showed that the
CD94-NKG2A heterodimer, as an inhibitory immune checkpoint
molecular, plays a predominant role over other NKG2 iso-
forms."®'? In the presence of a high level of NKG2A, the functions
of NKG2C-E are potentially silenced. Consistently, multivariate
kernel density estimation shows that the frequency of NKG2A*
NK cells is considerably higher than that of NKG2C* NK cells in
five origins, including HPV, PBMC from healthy donors, PBMC
from PDAC patients, and primary and metastatic PDAC tumors
(Figure S8A). This suggests that the majority of NK cells harbor
this immune suppressive receptor NKG2A. Further dissection
shows that the gene expression levels of CD94-NKG2A and
CD94-NKG2C in NK cells are comparable between blood bi-
opsies and solid tumor lesions (Figures S8B and S8C). On the
contrary, the expression levels of HLA-E on CTCs are higher
than that in tumor cells from solid lesions (Figures 2H-2J).
Thus, the upregulated interaction between NKG2A and HLA-E

(C) Heatmap shows the expression of marker genes in each subtype of immunocytes.

(D-F) The potential intercellular communication based on the calculation of interactive ligands-receptors between tumor cells/CTCs and immunocytes in the
primary tumor (D), blood circulation (E), and metastasis tumor (F). The lines connect to the cell types that express the cognate receptors or ligands. The thickness
of line and interaction weight score indicates the number and expression level of ligand-receptor pairs.

(G) Overview of the immune checkpoint-related ligand-receptor pairs between tumor cells/CTCs and immunocytes in HPV blood and primary/metastatic tumors.
The color indicates the mean expression of ligand and receptor genes, and dot size represents the statistical significance of interactive molecular pairs.

(H-J) Bar plot showing the expression of HLA-E on CTCs and tumor cells from solid lesions. The scRNA-seq data of CTC were obtained from ours (H), public
databases of mouse-derived CTCs () (GEO: GSE51372), and human-derived CTCs (J) (CNGBdb: CNP0000095, GEO: GSE117623, GSE144561, GSE67939,
GSE86978, GSE74369, GSE28495). Mean + SE, two-sided Wilcoxon test, ***p < 0.0001.

(K) Bar plot showing the relative expression level of CD94(KLRD1) and NKG2A(KLRC1) in immunocytes from HPV blood. Mean + SE, two-sided Wilcoxon test,
****p < 0.0001.

(L) Representative CTC-NK cluster obtained from HPV blood. CTCs (EpCAM, green), NK cells (CD94, red), and cell nucleus (Hoechst 33342, blue). Scale bar,
10 um. See also Figures S6-S8 and Table S3.
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Figure 3. Functional validations of immune checkpoint HLA-E:CD94-NKG2A in vitro and in vivo
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mean + SD, *p < 0.05, **p < 0.01, t test. The experiment was repeated three times.
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in HPV is potentially driven by increasing levels of HLA-E mole-
cules. The upregulated HLA-E on CTCs and the specific expres-
sional pattern of CD94-NKG2A on NK cells provide a foundation
for their interaction (Figure 2K). To validate this, we checked ad-
hesive cell clusters in cell suspension eluted from capturing mi-
crofluidics. The potential interactions between CTCs and NK cells
were observed by co-staining markers EpCAM/CD94 and HLA-
E/CD94, respectively (Figures S8D and S8E). Remarkably, by
checking the solid tumor lesions collected from PDAC patients
with liver metastasis, we captured a colocalization between
CTC and NK cells within a region of healthy liver tissue that is
adjacent to metastatic tumor (Figure S8F). A potential explana-
tion is that the CTC, along with the binding NK cells, just extrav-
asates from blood vessels and settles down in hepatic tissue.
Cell-cell contact enrichment assay further indicates that HLA-E
overexpression significantly improves NK cell adhesion, which
is reversely attenuated by the NKG2A blockade antibody mona-
lizumab (Figures S8G and S8H). This suggests that tumor cells
bind NK cells in an HLA-E-dependent manner. All these data
highlight the speculation that CTCs may escape the immune sur-
veillance of NK cells in circulation by recruiting HLA-E:CD94-
NKG2A inhibitory immune checkpoint.

CTC evades NK cell surveillance via the immune
checkpoint HLA-E:CD94-NKG2A

Whether or not CTCs escape from NK cell surveillance through
the HLA-E:CD94-NKG2A checkpoint was then functionally
investigated by NK cytotoxicity assay. Overexpression of
HLA-E protects the PDAC SU86.86 cells from patient-derived
NK cell killing at two effectors-to-target ratios (Figures 3A and
S9A-S9C). Blockade of NKG2A using the specific antibody mon-
alizumab enhances NK cell killing in the presence or absence of
HLA-E overexpression. Similarly, the knockdown of HLA-E
potently sensitizes PDACs to NK cell killing. Western blots indi-
cate that the canonical immune checkpoint signaling SHP-1 is
inhibited, while functional enzyme GZMB is upregulated in NK
cells isolated from the co-culture system with HLA-E-deficient
tumor cells (Figure 3B).

To validate this immune checkpoint function in vivo, we recapit-
ulated CTC-mediated metastasis by tail-vein injecting the lucif-
erase-tagged mouse PDAC cell KPC, which intrinsically ex-
presses H2-T23, the mouse homolog protein molecule of
human HLA-E. The bioluminescence signals in lung were care-
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fully measured to evaluate the intensity of tumor metastasis.
The immune checkpoint was interrupted by two alternative ap-
proaches: (1) sealing the NKG2A on NK cells with blockade anti-
bodies and (2) inoculating KPC cells with H2-T23 pre-knockdown
(Figure S9D). To dissect the impact of antibody blockade timing
on lung metastasis, we initiated the antibody treatment prior to
(day —1), simultaneously with (day 0), and post-inoculation (days
1, 3, and 5) of KPC-Luc cells, respectively. A total of four doses
of NKG2A blockade antibody were administered every day (Fig-
ure 3C). The tumor lung metastasis was visualized and quantified
by bioluminescence imaging system on day15 (Figures 3D and
3E). The results indicate that tumor metastasis is inhibited by
anti-NKG2A blockade antibody in a time-dependent manner.
The earlier NKG2A is blockaded, the better metastasis prevention
is obtained. The NKG2A blockade prior to tumor inoculation
remarkably prevents tumor metastasis, while the blockade initi-
ated on days 0 and 1 only partially impedes the metastasis. After
day 3 (days 3 and 5), NKG2A blockade can no longer prevent the
metastasis. The results were further validated by the number
counting of tumor nodes and H&E staining (Figures 3F-3H).
This implies that the anti-tumor efficacy of HLA-E:CD94-NKG2A
interruption is only limited to the tumor cells traveling in the blood
circulation but not to tumor cells already settled in metastatic or-
gans. To validate this speculation, we recapitulated the process
of tumor cells settling during lung metastasis with GFP-labeled
KPC cells (Figure S9E). By probing the GFP protein, we confirmed
that the inoculated tumor cells settled down in lung tissue as a
single-cell pattern on day 1, followed by incremental colonization
of tumor cells from days 3 to 5. In addition to the NKG2A
blockade, we alternatively interrupted the molecular pair interac-
tion by knockdown of the expression of H2-T23 in KPC cells prior
to inoculation. Consistent with the result of antibody blockade,
the quantification of bioluminescence, counting of tumor nodes,
and the pathological analysis by H&E staining consistently
show that H2-T23 (HLA-E) knockdown significantly alleviates
the lung metastasis (Figures 3I-3M). To validate the robustness
of this immune checkpoint molecule pair, we repeated the func-
tional validation by engaging immunocompetent mice C57/BL6
as the recipient (Figures 3N and S9F). By quantitatively evaluating
luciferase-positive metastases 15 days after inoculation, we
found that NKG2A blockade and H2-T23 knockdown alleviated
the lung metastasis by 63- and 115-fold on average, respectively
(Figure S9G). The morphological and pathological analyses of

(B) After incubation with SU86.86 cells, the cytotoxic effector enzyme GZMB and immune checkpoint-related kinase SHP1 of NK cells were detected.

(C) Schema of the experimental design. Balb/c nude mice were i.v. inoculated with KPC-Luc cells and initiated NKG2A blockade treatment at indicated time
points (days -1, 0, 1, 3, and 5).

(D and E) The lung metastasis was visualized (D) and quantified (E) by bioluminescence imaging system 15-day after i.v. inoculating KPC-Luc cells. The boxplot
presents all points, boxes represent the interquartile range, horizontal lines within the boxes represent the median, and whiskers represent the minimum and
maximum values. n = 5 mice per group, ***p < 0.001, t test.

(F and G) The metastatic tumor nodules in lung were photographed (F) and quantified (G). Boxes and whiskers are drawn as in (E). n = 5 mice per group,
***p < 0.001, t test.

(H) Pathological aberrancy of lungs from (D) was evaluated by H&E staining. Scale bars, 2,000 or 500 um.

(I-L) The bioluminescence images (l) and quantification (J) of lung metastasis in Balb/c nude mice injected with H2-T23 knockdown KPC-Luc cells. The tumor
nodules in lung tumors were counted (K) and representative images were displayed (L). Boxes and whiskers are drawn as in (E). n = 5 mice per group, ***p < 0.001,
t test.

(M) Pathological aberrancy of lungs from (l) was evaluated by H&E staining. Scale bars, 2000 or 500 um.

(N) KPC-Luc cells metastasizing to lung were visualized using a bioluminescence imaging system 15 days after i.v. inoculation of KPC-Luc cells. C57BL/6 mice
were either blockaded with anti-NKG2A antibody 1 day prior to the inoculation or intravenously transplanted KPC-Luc cells with H2-T23 (HLA-E) knockdown.
(O) Kaplan-Meier plot shows the overall survival of KPC-Luc cell-inoculated mice with indicated treatments. n = 5 mice per group, log-rank test. See also Figure S9.
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(A) 3D scatterplot shows the differentially expressed genes in CTCs, which are correlated with the expression level of HLA-E based on scRNA-seq data. The x axis
indicates correlation coefficients of HLA-E and DGEs; the y and z axes represent the log, fold change and p values of DGEs between CTCs and tumor cells from
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correlation scores and dot size represents adjusted p values. The p values were calculated by Wilcoxon rank-sum test.
(B) The expression levels of HLA-E were detected in SU86.86 and CFPAC-1 with overexpression of PPBP, PF4, NRGN, or RGS18.
(legend continued on next page)
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dissected lung show that NKG2A blockade and H2-T23 knock-
down significantly relieve the metastasis compared with the
non-treated control group harboring blank vector (Figures S9H-
S9J). These results double confirm the immune checkpoint func-
tion of HLA-E:CD94-NKG2A during the process of metastasis via
blood circulation. In another independent cohort, Kaplan-Meier
estimate shows that both blockade of NKG2A and H2-T23 knock-
down significantly promote the overall survival of lung metastatic
mice up to 27 days after tumor inoculation (Figure 30).

To further validate the speculation that metastatic prevention
could only be achieved by interrupting the interaction between
CTCs and NK cells prior to tumor cells settling down, we
repeated the checkpoint blockade strategy in a nude mice model
with subcutaneous xenografted KPCs. In this model, tumor
growth is independent of the process of tumor cells in circula-
tion. In parallel, the immune checkpoint was interrupted by either
NKG2A blockade or inoculating KPC cells with H2-T23 knock-
down. The growth curve and photograph of dissected tumors
show that neither the NKG2A blockade initiated on days 0 or 5
nor the H2-T23 knockdown fails to suppress the growth of sub-
cutaneously xenografted tumors (Figures S9K-9N). Immunofluo-
rescence staining indicates poor NK cell tumor infiltrations in all
treated groups, which may provide additional explanation for the
limited efficacy (Figure S90). Thus, our results indicate that the
HLA-E:CD94-NKG2A is a potential immune checkpoint medi-
ating the evasion of CTC from NK cell surveillance in circulation.

RGS18 upregulates HLA-E on CTCs via the AKT-
GSK3p-CREB1 axis

To illuminate how CTCs mobilize HLA-E expression (Figure 2H),
we evaluated the differentially expressed genes that potentially
positively correlated with the expression level of HLA-E. Based
on the ranking of fold change, p value, and correlation index,
we identified a series of HLA-E-related genes, including PPBP,
PF4, NRGN, RGS18, etc. (Figure 4A, circled at the upper right
corner, and Figure S10A). Upon introducing these genes into
two PDAC cell lines, SU86.86 and CFPAC-1, the expression
levels of HLA-E are upregulated. Among them, RGS18 shows
the most potency (Figure 4B). To validate the RGS18 upregula-
tion in CTCs, we probed the RGS18 protein in biopsies from all
six patients who underwent scRNA-seq by immunofluorescence
staining. An almost exclusive expression of RGS18 was
observed in CTCs rather than in tumor cells from primary and
metastatic lesions (Figures 4C and S10B). Consistently, by care-
fully checking the scRNA-seq data we confirmed that RGS18*
tumor cells predominantly distribute in the biopsies of HPV but
not in those of solid lesions (Figure S10C). In a large independent
cohort of PDAC patients with liver metastasis (n = 13), the
RGS18* CTCs were observed in all biopsies with variant propor-
tions ranging from 95% to 100% (Figures S10D and S10E).
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We then explored how RGS18 regulates the HLA-E expres-
sion. As an R4 subfamily protein, RGS18 negatively regulates
GPCR signaling through Gai and Gaqg.?°2? The potential down-
stream pathways®' were detected in PDAC cells with RGS18
overexpression by western blots. By probing the phosphoryla-
tion of pivotal kinases, we found that the AKT pathway rather
than MAPK, p38, PKC, and PKA pathways were specifically per-
turbed by overexpression of RGS18 (Figures 4D, left and S10F).
Upon RGS18 upregulation, the AKT phosphorylation is downre-
gulated. Subsequently, GSK3p is stabilized by inhibiting phos-
phorylation of serine residue 9 (Figure 4D, left). The GSK3p
then enhances the activity of CREB1 by phosphorylating the
serine residue 129. The activated CREB1 shows a nucleus
preferred subcellular localization pattern (Figure 4E). In the nu-
cleus, CREB1 forms a transcriptional positive regulatory com-
plex along with RFX and NFY, which binds the promoter struc-
ture of HLA-E consisting of a full SXY module and incomplete
enhancer A and ISRE sites.?®?* Consequently, RGS18 overex-
pression upregulates the HLA-E levels in three PDAC cell lines
(Figures 4D, left and S10G). In line with these results, the knock-
down of CREB1 significantly downregulates HLA-E expression
(Figure 4F). In contrast, the knockdown of RGS18 in SU86.86
and CFPAC-1 cells enhance the phosphorylation of AKT and de-
stabilizes GSK3B. Subsequently, it inactivates CREB1 and
downregulates the HLA-E expression (Figures 4D, right and
S10H). In addition, agitating AKT signaling by two activated mu-
tants AKTE'"K and AKT®%X in PDAC cells suppresses GSK3p,
downregulates CREB1, and subsequently reduces HLA-E
expression (Figure 4G). Taken together, signaling exploration in-
dicates that RGS18 promotes the expression of HLA-E through
the AKT- GSK3p-CREB1 axis.

To validate the pro-metastasis function of RGS18, we recapit-
ulated the process of hepatic metastases via HPV by intra-
splenic injection of luciferase-labeled SU86.86 PDAC cells
and systematical application of human NK cells (Figure 5A). He-
patic metastasis indicated by bioluminescence image and
signal quantification was mainly observed at the anatomic posi-
tion of the liver in mice inoculated with RGS18-overexpressed
SU86.86 cells (Figures 5B and 5C). On the contrary, no obvious
hepatic metastasis was observed in control mice inoculated
with SU86.86 cells harboring blank vector. Consistently, by
checking the dissected liver organs, we found severe metastatic
tumors in mice inoculated with human RGS18 (hnRGS18) overex-
pressed PDAC cells but not in the control group (Figure 5D). The
results were further confirmed by H&E staining and immunohis-
tochemistry probing human EpCAM and RGS18 (Figure 5E). In
another independent experiment, RGS18 overexpression
significantly reduces the overall survival of liver metastasis
mice (Figure 5F). To illuminate whether or not the prevention
of liver metastasis is dependent on NK cells, we performed

(C) RGS18 in CTCs and patient-matched primary/metastatic tumors were visualized by multiplex immunofluorescence images. Scale bars, 50 or 10 um.
(D) The proteins indicating activity of the AKT-GSK3B-CREB pathway as well as HLA-E were detected in SU86.86 and CFPAC-1 cells with RGS18 overexpression

(left) or knockdown (right), respectively.

(E) Subcellular distributions of p-CREB1 (Ser133, green) in RGS18-overexpressed PDAC cells were visualized by immunofluorescence staining. The cell nucleus

was labeled with DAPI (blue). Scale bars, 100 or 50 um.

(F) The expression of HLA-E and CREB1 proteins in SU86.86 and CFPAC-1 cells with CREB1 knockdown were detected by western blot.
(G) The activities of the AKT-GSK3B-CREB pathway and the level of HLA-E were detected in SU86.86 with overexpression of AKT®"*X or AKTE'"K mutants. Blank

vector serves as the control. See also Figure S10.
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Figure 5. RGS18 promotes the liver metastasis of PDAC tumor cells
(A) Anatomical schema represents the establishment of the PDAC liver metastasis model by hemi-splenic injection of SU86.86-Luc cells with or without human
RGS18 overexpression.

(legend continued on next page)
Cancer Cell 41, 272-287, February 13, 2023 281



¢ CellPress

NK depletion in the liver metastatic nude mice model with intra-
splenic inoculation of luciferase-labeled KPC cells. The results
of bioluminescence image and signal quantification show that
the liver metastasis is significantly enhanced by administering
two doses of anti-Asialo-GM1antibody (Figures S11A-S11C).
In parallel, overexpression of mouse RGS18 (MRGS18) in the in-
trasplenic inoculated KPC cells shows a comparable capability
of pro-metastasis to the treatment of NK depletion. In addition,
we validate the essential role of NK cells with human IL15-ex-
pressed immunodeficient (B-NDG hIL15) mice in the absence
of human NK cell transplantation. In the absence of NK cell
transplantation, metastatic intensities between SU86.86 tumor
cells with and without RGS18 overexpression are comparable,
suggesting that the pro-metastatic function of RGS18 depends
on the presence of NK cells (Figures S11D and S11E).

To validate the essential role of HLA-E in RGS18-mediated tu-
mor immune escape, we carried out a functional rescue experi-
ment with a liver metastatic model using B-NDG hIL15 mice,
which have been pre-transplanted with human NK cells. In line
with the results obtained in the nude mice model, overexpression
of hRGS18 significantly improves the liver metastasis of SU86.86
compared with the control group (Figures S11F and S11G). On
top of that, knockdown of HLA-E in the inoculated hRGS18-
SUB86.86 cells re-suppresses the metastatic potential of tumor
cells. To further validate whether RGS18 promotes tumor metas-
tasis by facilitating the immune escape from NK cells, we per-
formed another functional rescue assay with the lung metastatic
model (Figure S11H). In line with the liver metastasis, the results
of the bioluminescence imaging and signal quantification show
that mRGS18 significantly promotes lung metastasis by upregu-
lation of H2-T23 (Figures 5G, 5H, and S11l). The metastasis
could be suppressed by administration of four doses of
NKG2A blockade antibody initiated 1 day prior to tumor inocula-
tion. The results were further confirmed by the number counting
of tumor nodes and H&E staining (Figures 5I-5K). Taken
together, all these data indicate that RGS18 plays a pivotal role
in promoting tumor metastasis by upregulating inhibitory im-
mune checkpoint HLA-E in CTCs.

CTCs acquire RGS18 by taking up platelets

As well documented, CTCs are usually covered by platelets,
which are the main origin of RGS18 protein.’*?>*® Besides
RGS18, other platelet-related genes, such as PPBP, PF4, etc.,
were also specifically observed in scRNA-seq data of CTCs (Fig-
ure 1D). Therefore, we speculated that the RGS18 in CTCs may
originate from adherent platelet. Surprisingly, we found platelets
not only “on” but also “in” the CTCs from HPV biopsies by
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confocal microscopy (Figure 6A). The fluorescence signals
were observed inside the tumor cells when they had been incu-
bated with WGA-Alexa594-prelabeled patient-derived platelet
(Figure 6B). However, platelets derived from healthy donors
cannot be internalized. The quantification of the fluorescent
signal by flow cytometry further indicates that the patient-
derived platelets are internalized by tumor cells in a dose-depen-
dent manner (Figure 6C). The dynamic process of fluorescence-
labeled platelet internalization by tumor cells was recorded by
consecutively snapping images with confocal microscopy up
to 16 h (Video S1). We then incubated human platelets with
mouse PDAC cell line KPCs and measured the mRNA level of
the donor (human) and host (mouse) RGS18 by real-time gPCR
with specific primers. The results show that the mRNA of human
RGS18 rather than that of mouse Rgs18 is upregulated in a dose-
dependent manner (Figure 6D). Moreover, the results of confocal
fluorescence microscopy warrant the internalization of human
platelet by KPC cells (Figure S11J). With incubation of platelets
isolated from PDAC patients, both RGS18 and HLA-E levels
are upregulated in SU86.86 and CFPAC-1 in a dose-dependent
manner (Figure 6E). Taken together, our results show that CTCs
acquire platelet-derived RGS18, which upregulates the expres-
sion of HLA-E through the AKT-GSK33-CREB signaling pathway
(Figure 7). The upregulated HLA-E interacts with CD94-NKG2A
on NK cells, which serves as an immune checkpoint pair damp-
ening the immune surveillance against CTC in circulation.

DISCUSSION

In the past decade, tremendous progress has been achieved in
cancer immune therapy, which is largely due to the breakthrough
of knowledge on immune checkpoint molecules. A series of
blockade agents targeting these suppressive regulatory molec-
ular pairs were developed as powerful tools for cancer treatment
in clinics. However, almost all types of agents were designed to
interrupt the immune checkpoint mainly in tumor microenviron-
ment and lymph node. The immune surveillance of tumor cells
traveling in blood circulation, which is a crucial step of long-dis-
tance tumor metastasis, is still poorly understood. Although the
negative correlation between CTC number and cytotoxic immu-
nocytes, such as T cell, NK cells, and monocytes, were observed
in clinics, which type of cytotoxic immunocyte plays a pivotal role
in immune surveillance against CTCs needs to be deter-
mined.?”+?® In this study, we compared the immune checkpoints
between CTCs and solid (primary and metastatic) tumor lesions
from patient-matched biopsies at single-cell scale. A predomi-
nant interaction between CTCs and NK cells based on the

(B and C) The liver metastasis was visualized (B) and quantified (C) using a bioluminescence imaging system 14 days after inoculation. The boxplot presents all
points, boxes represent the interquartile range, horizontal lines within the boxes represent the median, and whiskers represent the minimum and maximum

values. n = 5 mice per group, **p < 0.001, t test.

(D) The photograph of dissected liver metastatic tumors in mice treated as described in (A).
(E) The PDAC liver metastasis was evaluated by H&E and IHC staining human EpCAM and RGS18. Scale bars, 50 or 10 pm.
(F) Kaplan-Meier plot shows the overall survival of mice with PDAC liver metastasis, which is parallel to the experimental design in (B). n = 6 mice per group, log-

rank test.

(G-J) KPC lung metastasis models were established by tail vein injection of KPC-Luc with or without mouse RGS18 overexpression. NKG2A was blockaded by
four doses of antibody on days —1, 0, 1, and 2. The lung metastatic KPC tumor cells were visualized (G) and quantified (H) using a bioluminescence imaging
system 2 weeks after tumor inoculation. Tumor nodules in the lung were counted (I), and representative images are displayed (J). Boxes and whiskers are drawn

asin (C). n =5, **p < 0.001, t test.

(K) Pathological aberrancy of lungs from (G) was evaluated by H&E staining. Scale bars, 2000 or 500 um. See also Figure S11.
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(A) The CTCs obtained from microfluidics were co-stained with platelet markers by immunofluorescence-labeled probes. EpCAM (green), platelet marker CD41
(red), and cell nucleus (blue). Scale bar, 10 um.

(legend continued on next page)
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CTCs escape the immune surveillance of NK cells via HLA-E:CD94-NKG2A
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Figure 7. Schema of HLA-E:CD94-NKG2A-mediated evasion of CTCs from NK cell immune surveillance

As long as CTCs intravasate into blood vessels, they adhere to and uptake platelets that carry RGS18. The RGS18 inhibits the activation of phosphorylation AKT in
host cells, which stabilizes GSK3 protein by suppressing GSK3p phosphorylation at Ser9. The GSK3p protein promotes the nucleus translocation of CREB1 by
phosphorylation of CREB1 at Ser133. CREB1 binds the SXY site in the promoter region of the HLA-E gene in the nucleus, and upregulates HLA-E expression and
translocation on the surface of CTCs. The cell surface HLA-E interacts with CD94-NKG2A on NK cells, which activates the intracellular phosphatase SHP1 and

suppresses the cytotoxic activity of NK cells.

molecular pair HLA-E and CD94-NKG2A was specifically identi-
fied in circulation but not in solid malignant lesions. Interrupting
the interaction between HLA-E and CD94-NKG2A restored the
immune cytotoxicity mediated by NK cells in vitro and in vivo,
proving the role of the immune checkpoint. Moreover, direct
interaction between CTCs and NK cells was observed in HPV
blood biopsies, which provides additional evidence of the exis-
tence of this immune checkpoint. In addition to NK cells, poten-
tial immune-related interactions between CTCs and naive T cells
or between CTCs and monocytes were also observed via molec-
ular pairs CD47-SIRPG or CD47-SIRPA, respectively. However,
the amounts of these interacting molecules are far less than that
of HLAE:CD94-NKG2A. The potential contributions of all these
immune checkpoints need to be further evaluated in preclinical
and clinical studies in the future.

Recently, neutrophils and Treg cells were reported as CTC
partners facilitating tumor metastasis by promoting CTCs sur-
vival and providing a regional immune suppressive microenvi-
ronment, respectively.”>*° Who the immune-killing cells are
and how they play a surveillance role in circulation is still un-

known. Here, we report that the direct interaction between
HLA-E and CD94-NKG2A serves as an immune checkpoint,
which negatively regulates the CTC immune clearance by NK
cells. Thus, blockade of HLAE:CD94-NKG2A can prevent tumor
metastasis by evoking NK cell function on eliminating CTCs.
Notably, this regimen may not show high efficacy on either pri-
mary or already metastasized tumors, because the expression
of HLAE:CD94-NKG2A is relatively lower in solid lesions (Fig-
ure 2G). These results may partially interpret the unsatisfied
outcome in current clinical trials with single-agent anti-CD94
antibody (NCT02459301, NCT02331875, NCT02557516). In
addition, a lack of PD-1:PD-L1 interaction was observed in all
pancreatic cancer cases we included (Figure S7C), addressing
the poor efficacy of anti-PD-1 or PD-L1 regimens in this type
of malignancy. Our results also imply that blockade of HLA-
E:CD94-NKG2A or adoption of CAR-NK cells lacking CD94-
NKG2A may be promising strategies for prevention of CTC-
mediated metastasis, especially in the scenario that outburst
CTCs are released into the bloodstream, such as surgical resec-
tion of solid tumors.®'3°

(B) Intracellular localization of PDAC patient-derived platelets (red) was prelabeled with WGA594 and visualized by confocal microscopy imaging. The cell nucleus
and membrane were stained with Hoechst (blue) and WGA488 (green), respectively. Cells treated with platelets from healthy donors serve as control. Scale

bar, 20 pm.

(C) The SU86.86 and CFPAC-1cells, which internalized WGA594 prelabeled platelets, were detected by flow cytometry after 24 h of incubation.
(D) Mouse KPC cells were incubated with PDAC patient-derived platelets at indicated concentrations for 24 h. After washing five times with PBS, the relative

mRNA expression levels of human RGS78 and mouse Rgs18 were detected
experiment was repeated three times.

by gPCR with specific primers, respectively. Data are shown as mean + SD The

(E) The protein levels of HLA-E, RGS18, and CD41 in SU86.86 and CFPAC-1 cells treated with PDAC patient-derived platelets for 72 h were detected by western

blot. See also Figure S11 and Video S1.
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As a typical character of CTCs, binding platelets is predicted
to be the major protection mechanism against assault from im-
mune-toxic cells by forming a physical “shield.”?®**** More-
over, CTC-associated platelets facilitate CTC survival by
secreting multiple growth factors and cytokines. However, we
observed that CTCs internalize platelets and escape immune
surveillance. By taking up platelets, CTCs acquire bio-functional
macromolecules, including proteins and mRNAs. These mole-
cules may impact the signaling transduction of recipient cells
in a transcriptionally dependent or independent manner. The
exact mechanism of internalization of platelet needs to be inves-
tigated in the future.
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Antibodies

Tubulin ZSGB-BIO Cat#TA-10; N/A

Phospho-Akt (Ser473) (D9E) Rabbit mAb CST Cat#4060L; RRID: AB_2315049
Akt (pan) (C67E7) Rabbit mAb CST Cat#4691S; RRID: AB_915783
HLA-E antibody [MEM-E/02] Abcam Cat#ab2216; RRID: AB_302895
RGS18 Antibody NOVUS Cat#NBP1-92329; RRID: AB_11002698
Phospho-GSK-3beta (Ser9) (5B3) Rabbit mAb CST Cat#9323S; RRID: AB_2115201
antibody

GSK-3beta (3D10) Mouse mAb antibody CST Cat#9832S; RRID: AB_10839406
Phospho-CREB (Ser133) (87G3) Rabbit mAb CST Cat#9198S; RRID: AB_2561044
antibody

Phospho-PKCalpha/beta Il (Thr638/641) Antibody CST Cat#9375S; RRID: AB_2284224
Phospho-PKA C (Thr197) Antibody CST Cat#4781S; RRID: AB_2300165
Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) CST Cat#4370s; RRID: AB_2315112
antibody

Mouse Anti-p38 MAPK, phospho (Thr180/Tyr182) CST Cat#9216S; RRID: AB_331296
Antibody

Anti-Granzyme B antibody Abcam Cat#ab255598; RRID: AB_2860567
Phospho-SHP-1 (Tyr564) (D11G5) Rabbit mAb CST Cat#8849S; RRID: AB_11141050
antibody

SHP1 antibody [Y476] Abcam Cat#ab32559; RRID: AB_777912
CD41/Integrin alpha 2b antibody [M148] Abcam Cat#ab11024; RRID: AB_297679

HLA-E Monoclonal antibody
Recombinant Anti-NCR1 antibody
FITC anti-human CD3 Antibody

APC/Fire™ 750 anti-human CD56 (NCAM)
Antibody

Alexa Fluor® 647 anti-human CD159a (NKG2A)
Antibody

PE anti-human CD159c (NKG2C) Antibody
FITC anti-human CD326 (EpCAM) Antibody
EpCAM (VU1D9) Mouse mAb antibody
APC/Cyanine7 anti-human CD45 antibody

Human TruStain FcX™ (Fc Receptor Blocking
Solution) antibody

CD94 Antibody, anti-human, PE, REAfinity™
InVivoMADb anti-mouse NKG2A/C/E antibody
anti-asialo-GM1 antibody

Monalizumab

Proteintech
Abcam
Biolegend
Biolegend

Biolegend

Biolegend
Biolegend
CST

Biolegend
Biolegend

Miltenyi Biotec
BioXcell
Biolegend
BioChemPartner

Cat# 66530-1-Ig; RRID: AB_2881893
Cat# ab233558; RRID: AB_2904203
Cat# 300306; RRID: AB_314042
Cat# 362554; RRID: AB_2572105

Cat# 375105; RRID: AB_2890806

Cat# 375003; RRID: AB_2888871
Cat# 324204; RRID: AB_756078
Cat#2929S; RRID: AB_2098657
Cat#304014; RRID: AB_314402
Cat#422302; RRID: AB_2818986

Cat#130-123-735; RRID: AB_2905149
Cat#BE0321; RRID: AB_2819048
Cat#146002; N/A

Cat#BCP46059; N/A

Biological samples

PDAC patient samples West China Hospital, Sichuan Table S1
University

NK cells This manuscript N/A

Chemicals, peptides, and recombinant proteins

Recombinant Human IL-2 PeproTech Cat#200-02

Recombinant Human IL-15 PeproTech Cat# 200-15
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RPMI-1640 medium GIBCO Cat#C11875500BT
Fetal Bovine Serum GIBCO Cat#12483020
IMDM medium HyClone Cat#sh30228.01
DMEM medium GIBCO Cat#C11995500BT
Collagenase, type 1 GIBCO Cat#17100017
collagenase, type 4 GIBCO Cat#17104019
Trypsin Millipore Cat#SM-2003-C
Puromycin Selleck Cat#S7417
Blasticidin Invivogen Cat#fant-bl-1
Tris-EDTA (pH 9.0) MXB Cat#MVS-0099
DAB DAKO Cat#K5007

DAPI Nuclear dye Yeasen Cat#36308ES20
Hoechst 3342 Sigma-Aldrich Cat#14533

RIPA buffer Millipore Cat#20-188
Propidium iodide (PI) BD Cat#556463
HBSS Thermo Fisher Cat#14175079
BSA Sigma-Aldrich Cat#Vv900933
Red Blood Cell Lysis Buffer Solarbio Cat#R1010

Cell stain buffer Biolegend Cat#420201
Human Lymphocyte Separation Medium Dakewe biotech Cat#7111011
D-Luciferin potassium YEASEN Cat#40902ES02
PKH67 Sigma Cat#MINI67-1KT
PKH26 Sigma CatMINI26-1KT
Trizol Life Technologies Cat#15596-026
Alexa Fluor® 594 conjugated wheat germ agglutinin Invitrogen Cat#W11262
Alexa Fluor® 488 conjugated wheat germ agglutinin Invitrogen Cat#W11261

Critical commercial assays

Chromium Single Cell 3' GEM, Library
& Gel Bead Kit v3, 16 rxns

10xGenomics

Cat# PN-1000075

Pierce® BCA Protein Assay Kit Thermo Fisher Cat#23227
LDH-GloTM Cytotoxicity Detection Kit Promega Cat#J2381
RevertAid First Strand cDNA synthesis Kit Thermo Fisher Cat#K1622
Universal SYBR® Green Supermix Bio-Rad Cat#172-5121
EasySep™ Direct Human NK Cell Isolation Kit STEMCELL Cat#19665
Deposited data
scRNA-seq data of human HCC CTCs Sun et al.*° CNP0000095
Bulk RNA-seq data of human HCC CTCs Bhan et al.*? GSE117623
Bulk RNA-seq data of human PDAC CTCs Franses et al.*® GSE144561
Bulk RNA-seq data of human BRCA CTCs Sarioglu et al.*” GSE67939
Bulk RNA-seq data of human BRCA CTCs Aceto et al.*® GSE86978
Bulk RNA-seq data of human COAD CTCs Cima et al.”” GSE74369
Bulk RNA-seq data of human SKCM CTCs Ramskéld et al.*” GSE38495
scRNA-seq data of mouse PDAC CTCs Ting et al.”’ GSE51372
scRNA-seq data of human PBMC NKs Steele et al.”® GSE155698
Raw sequencing data of PDAC in this study NGDC: GSA-human (https://ngdc. HRAO003672
cncb.ac.cn/gsa-human)
Procressed scRNA-seq data of PDAC in NGDC: OMIX (https://ngdc.cncb. OMIX002487
this study ac.cn/omix/releaselList/)
Raw exome sequencing data in this NGDC: GSA-human (https://ngdc. HRAO003687

study

cncb.ac.cn/gsa-human)
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Experimental models: Cell lines
SU86.86 ATCC CRL-1837
KPC Provided by Department of N/A
Pancreatic Surgery at West
China Hospital
CFPAC-1 ATCC CRL-1918
CAPAN-1 ATCC HTB-79
HEK-293T National Collection of Cat#GNHu 43

Authenticated Cell Cultures

Experimental models: Organisms/strains

Mouse: Balb/c nude Beijing Vital River Laboratory N/A
Animal Technology Co., Ltd
Mouse: C57BL/6J Beijing Vital River Laboratory N/A
Animal Technology Co., Ltd
Mouse: NOD.CB17- BIOCYTOGEN (Beijing, China) N/A
Prkdcseli2rg™ 1115 !-1%)/Bcgen
Oligonucleotides
shRNA hairpins This manuscript Table S4
qPCR primers This manuscript Table S4
Recombinant DNA
Plasmid: pRRLsin.cPPT.CMV.Blasticidin This manuscript N/A
Plasmid: cPPT/Blasticidin-RGS18 This manuscript N/A
Plasmid: cPPT/Blasticidin-HLA-E This manuscript N/A
Plasmid: cPPT/Blasticidin-PPBP This manuscript N/A
Plasmid: cPPT/Blasticidin-PF4 This manuscript N/A
Plasmid: cPPT/Blasticidin-NRGN This manuscript N/A
Plasmid: cPPT/Blasticidin-AKTE!7K This manuscript N/A
Plasmid: cPPT/Blasticidin-AKT®7°K This manuscript N/A
Plasmid: pLKO.1/Puro-sh-H2-T23 This manuscript N/A
Plasmid: pLKO.1/Puro-sh-HLA-E This manuscript N/A
Plasmid: pLKO.1/Puro-sh-RGS18 This manuscript N/A
Plasmid: pLKO.1/Puro-sh-CREB1 This manuscript N/A

Software and algorithms

Cell Ranger-3.0.0
Python-3.7.8
R-4.0.3
Seurat-4.0.1
BWA-0.7.17
GATK-4.1.8.1
Limma-3.42.0
GraphPad Prism 8

FlowdJo version 10.8.0
ggplot2-3.3.3

ggpubr-0.4.0

ComplexHeatmap-2.6.2

CellPhoneDB-2.1.2
maftools-2.6.05

10x Genomics
Van Rossum and Drake (2009)
R Core Team (2008)

Seurat et al.*®

Liet al.”*
DePristo et al.>®
Ritchie et al.*'

Prism

BD
CRAN

CRAN

Gu et al.”®

Efremova et al.*®

Mayakonda et al.*”
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http://10xgenomics.com/
https://www.python.org/
https://www.r-project.org/
https://satijalab.org/seurat/
https://github.com/Ih3/bwa
https://software.broadinstitute.org/gatk/
http://bioinf.wehi.edu.au/limma

https://www.graphpad.com/scientific-
software/prism/

https://www.flowjo.com/

https://cran.r-project.org/web/packages/
ggplot2/
https://cran.r-project.org/web/packages/
ggpubr/

https://www.bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html

https://www.cellphonedb.org/
https://github.com/PoisonAlien/maftools
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annovar-dated 2020-06-08 Wang et al.”® https://doc-openbio.readthedocs.io/projects/
annovar/en/latest/

sequenza-3.0.0 Favero et al.”® https://cran.r-project.org/web/packages/
sequenza/vignettes/sequenza.html

CopyKAT-1.0.5 Gao et al.*® https://github.com/navinlabcode/copykat

SingleCellSignatureExplorer-3.6 Pont et al.*® https://sites.google.com/site/fredsoftwares/
products/single-cell-signature-explorer

Codes for visualizing scRNA-seq data This manuscript https://github.com/Jinen22/scRNA-PDAC-CC

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Hubing
Shi (shihb@scu.edu.cn).

Materials availability
All reagents and plasmids generated in this study are available from the lead contact upon request with a completed Materials Trans-
fer Agreement.

Data and code availability

® The raw sequencing data for this study have been deposited at National Genomics Data Center (NGDC, https://ngdc.cncb.ac.
cn/) under GSA-human: HRA003672 (https://ngdc.cncb.ac.cn/gsa-human), processed data of scRNA have been deposited at
NGDC under OMIX: OMIX002487 (https://ngdc.cncb.ac.cn/omix/releaselist/) and whole-exome sequencing data have been
deposited at NGDC under HRA003687 (https://ngdc.cncb.ac.cn/gsa-human) and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table. This study analyzes existing, publicly available data. These
accession numbers are available from GEO under the following accession codes: hepatocellular carcinoma (GSE117623),
PDAC (GSE144561), breast cancer (GSE67939, GSE86978), colon adenocarcinoma (GSE74369), melanoma (GSE38495),
mouse PDAC derived CTC (GSE51372) and PDAC sequencing dataset (GSE155698), or from China National GeneBank Data-
Base: CNP0000095. These accession numbers are listed in the key resources table.

® The original code for visualizing scRNA-seq data has been on GitHub and is publicly available: https://github.com/Jinen22/
scRNA-PDAC-CC. DOls are listed in the key resources table.

® Any additional information required to reanalyze the data reported in this paper is available from the Lead Contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Patients and specimens

This study was approved by the Ethics Committee on Biomedical Research of West China Hospital, and we complied with all relevant
ethical regulations. The patients and healthy donors described in this study provided written informed consent. Primary tumor tis-
sues, patient-matched liver metastatic tumor lesions, and HPV blood were obtained from patients with liver metastatic PDAC
who underwent surgeries or probing biopsies and did not receive prior anticancer treatment. We collected 18 paired samples
from 6 patients with liver metastatic PDAC to perform single-cell RNA-seq and exome sequencing (Table S1). 13 HPV blood samples
from PDAC liver metastatic patients were collected to assess the capture efficiency of microfluidic chip platform and flow cytometry.
Moreover, another 13 HPV blood samples from PDAC liver metastatic patients were collected to detect the number of
EpCAM*RGS18* CTCs, and the corresponding platelets were harvested to incubate with tumor cells.

Animals and housing conditions

Six weeks-old female Balb/c nude mice and C57BL/6 mice (specific pathogen-free conditions, SPF) were purchased from Beijing
Vital River Laboratory Animal Technology Co., Ltd (Beijing, China). Five weeks-old female B-NDG hIL15 mice (NOD.CB17-
Prkdcsel12rg™1115™1(L19)/Bcgen were purchased from BIOCYTOGEN (Beijing, China). The animals were housed and main-
tained under SPF conditions in facilities and treated humanely throughout the studies. All animal experiments were performed
according to the protocols approved by the Ethics Review Committee of Animal Experimentation of Sichuan University. All our
animal-handling procedures were performed according to the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health and the guidelines of the Animal Welfare Act.
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Cell lines and culture conditions

The PDAC cell lines SU86.86, CFPAC-1, and CAPAN-1 were purchased from the American Type Culture Collection (ATCC). KPC cell
line was provided by the Department of Pancreatic Surgery at West China Hospital (Chengdu, China). HEK-293T cell line was pur-
chased from the National Collection of Authenticated Cell Cultures (Shanghai, China). SU86.86 and KPC cells were cultured in RPMI-
1640 medium (Gibco) with 10% fetal bovine serum (FBS, Gibco). CFPAC-1 and CAPAN-1 cells were maintained in IMDM medium
(HyClone) with 10% FBS. HEK-293T cells were maintained in DMEM medium (Gibco) with 10% FBS. NKs were isolated from the
peripheral blood of PDAC patients and cultured in RPMI-1640 medium (Gibco) with rhIL-2 (1000 U/ml) and rhiL-15 (10 ng/mL). All
cells were cultured aseptically at 37°C in humidified incubators with 5% CO..

METHOD DETAILS

Sample collection

To obtain samples from metastatic pancreatic cancer patients, we go through the following steps: (1) Establish pneumoperitoneum
with carbon dioxide and insert laparoscopic equipment to explore the abdominal cavity. (2) Observe the liver metastasis. Then cut a
complete liver metastasis close to the edge of the liver with scissors. The hemostasis of the excision surface is obtained by electro-
coagulation. At last, take out the specimen with a bag. (3) Open the gastrocolic ligament and expose the pancreatic tumor. Cut the
pancreatic lesion. Hemostasis is obtained by electrocoagulation. (4) Open the peritoneum to expose the main branch of the hepatic
portal vein, which is the right gastro-omental vein. Puncture the vein with a scalp needle to acquire about 10 mL HPV blood sample.
Then remove the scalp needle and compress the vein for hemostasis. Suture the peritoneum for hemostasis if the bleeding continues.

Preparation of single-cell suspensions

We collected samples from PDAC primary tumors and liver metastatic tumors through laparoscopic surgery. Freshly harvested tis-
sues were immediately cut into small pieces with scissors on ice. The pieces were transferred to a 50 mL centrifuge tube with 20 mL
digestive enzyme containing 0.25% trypsin (Gibco), 0.4 mg/mL collagenase type 1, and type 4 (Gibco). Then the tissues were incu-
bated for 15 min at 37°C, with manual shaking. After dissociation, single-cell suspensions were neutralized with ice-cold DMEM (con-
taining 10% fetal bovine serum) and filtered with a 70-um cell strainer to remove large pieces of debris. Next, the single-cell suspen-
sion was centrifugated at 500 g for 5 min and resuspended in red blood cell (RBC) lysis buffer to remove red blood cells. Following a
5 min incubation on ice, single-cell suspensions were washed twice with HBSS and resuspended in HBSS (containing 0.1%BSA)
buffer. The resuspended cells were then sorted on flow cytometer (BD Biosciences, SanJose, CA) to isolate high bioactivity indicated
cells. Briefly, the cells were stained with live and dead marker propidium iodide (PIl) to exclude dead cells in P1, P2, P3, P4, and P6.
For P5, cells were stained with Pl and CD45 APC-cy7 antibody (BioLegend) to sort non-immunocytes (Pl CD45™). After sorting, cells
were counted and assessed for viability (~90%) with Trypan blue using a Countess Il automated counter. The cells were then resus-
pended in HBSS for single-cell RNA-seq.

CTC isolation and characterization

The CTCs were isolated from a microfluidic chip platform developed by our laboratory and Hangzhou MerryHealth (Hangzhou,
China), and validated by immunofluorescence staining. The microfluidic chip platform was developed based on the canonical pro-
tocol described before but with slightly technical modifications.® Firstly, the poly-dimethylsiloxane (PDMS) prepolymer was mixed
with the crosslinker at a 10:1 wt ratio and poured into the master model with a two-layer structure. Then, the PDMS mixture was de-
gassed with a vacuum pump and cured in an oven at 65°C for 24 h. The cured PDMS replicas were taken out from the molds, treated
with oxygen plasma, and bonded to glass substrates to form the microfluidic chip. Next, the microfluidic channels were modified with
N-y-maleimidobutyryloxy succinimide ester (GMBS). Subsequently, the streptavidin was injected into the channels and conjugated
with GMBS. The streptavidin-coated chip could be stored at 4°C until use. Within 24 h of the experiment, the captured antibody was
coated on the channels by infilling biotinylated anti-human EpCAM and anti-human CA19.9 antibodies. Before capturing CTC, the
chip was rinsed with HBSS 3 times to remove the unbonded antibodies. For CTC capture, hepatic portal vein blood samples
were lysed with RBC lysis buffer, and the obtained cells were injected into the microfluidic chip with a flow rate of 5 mL/h. Then
the chip was rinsed 3 times with 10 mL HBSS at a flow rate of 30 mL/h to remove the nonspecific binding cells. Finally, CTCs
were released by flushing the chip with 15 mL elution buffer at a flow rate of 50 mL/h (containing tyrisin and papain), which was pro-
vided by MerryHealth Ltd (Hangzhou, China). Papain digestion cleaves disulfide bonds at the hinge region of the antibody and re-
leases CTC from the microfluidic chip. The released cells were collected and subjected to 10x genomics single-cell RNA sequencing
orimmunofluorescence staining. Forimmunofluorescence staining, the collected cells were fixed in 4% paraformaldehyde for 20 min
and washed with HBSS. Then, cells were co-stained with anti-EpCAM-FITC, anti-HLA-E-FITC, anti-CD45-PE, or anti-CD94-PE, and
Hoechst for 30 min at room temperature. The CTCs were analyzed in automated fluorescence microscopy imaging platform
(KEYENCE, BZ-X800) or confocal microscope (Leica DMi8).

Flow cytometry analysis

To validate the capture efficiency of our microfluidic chip system, we performed flow cytometry detects the number of
CD45 EpCAM™* CTCs in HPV blood. Briefly, HPV blood samples from PDAC liver metastatic patients were lysed with RBC lysis buffer
and washed with HBSS. Cells were then resuspended in cell stain buffer (BioLegend, #420201) and incubated with Fc Receptor

e5 Cancer Cell 41, 272-287.e1-e9, February 13, 2023



Cancer Cell ¢ CellP’ress

Blocking Solution (Biolegend, #422302) for 15 min to avoid nonspecific binding. Subsequently, cells were incubated with antibodies
against EpCAM (Biolegend, # 324204) and CD45 (Biolegend, #304014) for 30 min on ice. After washing and staining with PI, cells were
resuspended in cell stain buffer for flow cytometry analysis (BD Biosciences, SanJose, CA). The data were processed by Flojo_V10
software. Cell debris and doublets were excluded based on forward and side scatter. The dead cells were excluded by PI* cells. After
getting the living cells, CD45~ cells were used to analyze the EpCAM* CTCs.

For analysis of the expression of NKG2A* NKs and NKG2C* NKs in blood, PBMC from PDAC patients was collected and stained
with indicated antibodies for flow cytometry analysis. Processing of blood samples and antibody staining as described above. The
monoclonal antibodies used were against CD3 (#300306), CD56 (#362554), NKG2A (#375105), and NKG2C (#375004) from
BioLegend. The CD3~CD56" NKs were used to analyze the expression of NKG2A and NKG2C on NKs.

Preparation of scRNA-seq libraries

Single-cell RNA-seq libraries were generated by the 10x Genomics Chromium 3’ Gene Expression Kit V3. Briefly, cell suspensions were
loaded onto Chromium Single-cell Chips with a capture target of 6,000-8,000 cells per sample. Libraries were constructed according to
the provided protocol and sequenced on the lllumina HiSeq 4000 platform with a targeted sequencing depth of 100,000 reads per cell.
Then, the fastq files obtained following demultiplexing with lllumina Bcl2fastq were used as inputs to downstream analysis.

Process of scRNA-seq data

Chromium single-cell data were aligned to GRCh38 genome reference using cellranger (v.3.0.0, 10x Genomics). Cellranger count
pipeline was used to generate feature-barcode matrices, which were essential to downstream clustering and gene expression anal-
ysis. Then, the qualities of cells and genes were assessed by 3 standards: (1) Cells with expressed genes over 7,500 or less than 200
were filtered, for low-quality cells often have few genes, and doublets may show a high gene count. (2) Cells that have >25% mito-
chondrial counts were filtered, for dying cells often exhibit high mitochondrial contamination. (3) Genes expressed in fewer than three
cells within a sample were removed. In addition, cells with multiple cell markers were identified as doublets. After quality control,
74,206 single cells from 18 samples and 26,808 features remained for downstream analysis.

Dimensionality reduction and clustering

After qualities control of cells and genes, dimensionality reduction and unsupervised clustering were performed by Seurat (v.4.0.1) R
package.®° Firstly, we used a global-scaling normalization method “LogNormalize” to normalize the raw count. It normalizes the
gene expression of each cell by the total expression, multiplies this by a scale factor (10,000), and log-transforms the result. Next,
2,000 highly variable genes were identified by the FindVariableFeatures function, and normalized data were scaled to z-scores by
the ScaleData function. Then we calculated principal components on the scaled data by RunPCA function. Only highly variable genes
were used as input, and 50 components were defined as the input of the next step according to the Elbow plot. A graph-based clus-
tering approach was applied to cluster these cells. We used the FindNeighbors function to construct a KNN graph and refine edge
weights between two cells. The first 50 PCs were used as input. Then we applied the Louvain algorithm to iteratively group cells
together by the FindClusters function, and the resolution parameter was set as 1.0. t-Distributed Stochastic Neighbor Embedding
(t-SNE), a non-linear dimensional reduction technique was used to view scRNA-seq data in low-dimensional space, and PCs param-
eter was set as 50.

Differential expression analysis
We performed differential expression analysis through the FindMarkers function, and significance was assessed based on the non-
parametric Wilcoxon rank-sum test. The min.pct argument was set as 0.25, and the logfc threshold argument was set as 0.25.

Cell type identification

Cells were annotated based on sciBet (v.1.0) R package,®’ conical marker genes, and inferCNV results. Firstly, cells were annotated
as epithelial EPCAM™*, KRT8*, KRT18"), fibroblasts (FAP*, COL1A1"), endothelial (VWF*, PECAM1"), and immunocytes (PTPRC™).
Besides, CTCs were identified from blood tissue according to PTPRC CD9*PPBP* and inferCNV results. Then, immune cells were
subset and re-clustered through the same procedure above. Sub-cell types were annotated according to canonical marker gene
expression and tissue origin.

Batch effect correction

All samples (n = 18) were constructed using the same reagent kit and sequenced on the same sequencing platform. After clustering
and cell annotation in the merged object, non-malignant cells (immune cells, fibroblasts, and endothelial cells) from different patients
merged well, while the epithelial cells were distributed discretely, which reflects the biological differences between patients. So, there
are minimal batch effects of our data, which are unnecessary to remove.

Infer the copy number variation from scRNA-seq data

To find copy number events from scRNA-seq data, CopyKAT (v.1.0.5) R package was used to generate the copy number variation
results.®® CopyKAT uses integrative Bayesian approaches to find genome-wide aneuploidy at 5MB resolution, and cells with large
genome-wide aneuploidy were identified as tumor cells. UMI count matrix was used as input, and others were default parameters.
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Gene set enrichment analysis

Gene sets of HALLMARK, C2.CP.KEGG, C2.CP.REACTOME, and C5.BP was used to perform enrichment analysis, and data were
downloaded from the Molecular Signatures Database (MSigDB v.7.1).°° We applied SingleCellSignatureExplorer (v.3.6) to compute
the single-cell signature scores.”” Then limma (v.3.42.0) R package”' was used to perform differential expression analysis of these
signature scores, and only gene sets with p.adj <0.05 were considered as differential gene sets.

Enrichment network analysis

Functionally grouped network of Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Reactome terms
was created and visualized by ClueGO (v.2.5.8).*? Differential expressed genes of CTCs with adjusted p value <0.05 & [fold change| > 2
were used as input. The network is created with kappa statistics, and the kappa score of network connectivity is set to 0.4. Term-term
interrelations and functional groups were defined based on shared genes between the terms, only terms with p < 0.05 were shown.

Cell-cell communication analysis

CellPhoneDB (v.2.0) was applied to interrogate the ligand-receptor interaction between tumor cells and immunocytes with single-cell
RNA-seq data.*® The reference repository of CellphoneDB consists of 1,396 receptors and ligands interactions based on the data-
base UniProt, Ensembl, PDB, the IMEx consortium, and IUPHAR. The potential interactive molecules were called from the scRNA-
seq data and paired up against the reference repository database. The interactions of molecule pairs from individual host cells were
characterized by 1) the mean value obtained by combining the expression of ligands and receptors within each cell type, and 2) the p
value calculated by empirical shuffling algorithm. Cell-cell contact ligand-receptor interactions in CellPhoneDB were used as input,
which is categorized by the CellChat database.** Only significant immune check-point related interaction pairs (p < 0.05 & mean
(Molecule 1, Molecule 2) > 0.5) were shown in Figure 2G. Chord diagrams of immune check-point-related interaction pairs were
plotted using circlize (v 0.4.12) R package®’ in Figure S7C. The interaction weight score is the sum of the gene expression count
of all the significant ligand-receptor pairs between two cell types.

Public RNA-seq and scRNA-seq data analysis

To illustrate the high HLA-E expression in CTCs is a common phenomenon, we collected several previously published CTC
sequencing datasets, including hepatocellular carcinoma (HCC; CNGBdb: CNP0000095, GEO: GSE117623), PDAC (GEO:
GSE144561), breast cancer (BRCA; GEO: GSE67939, GSE86978), colon adenocarcinoma (COAD; GEO: GSE74369), melanoma
(SKCM; GEO: GSE38495) and mouse PDAC derived CTC (GEO: GSE51372).°*65? To explore the expression levels of NKG2A/C
in NKs from PBMC, we downloaded the PDAC sequencing dataset (GEO: GSE155698) from Gene Expression Omnibus.>® Gene
expression level was normalized as Log2 (TPM +1).

Exome sequencing data analysis

After quality control, reads were mapped to reference genome GRCh38 with BWA (v.0.7.17).>* Next, marker duplicates and recali-
brate base quality scores were performed with GATK (v.4.1.8.1).°°> According to the best practice of GATK, mutect2 was then used to
call somatic short variants (SNV + Indel), which were annotated using annovar (dated 2020-06-08).°° We applied maftools (v.2.6.05)
and ComplexHeatmap (v.2.6.2) R packages to visualize these results.””->® Copy number variant analysis was conducted by sequenza
(v.3.0.0) with default parameters.®®

Cell transfections

Human PPBP, PF4, NRGN, RGS18, HLA-E, AKTE'"K, and AKT®"*X genes were synthesized and subcloned into lentivirus vector
pRRLsin.cPPT.CMV.Blasticidin (denoted as CPPT). The short interfering RNA (shRNA) specifically targeted to H2-T23, HLA-E,
RGS18, and CREB1 were synthesized (Table S4) by Sangon Biotech (Shanghai, China) and subcloned into the PLKO vector to
generate lentiviruses. Recombinant lentiviruses were generated by third-generation lentiviral packaging using human embryonic kid-
ney (HEK) 293T cells. HEK293T cells were transfected using calcium phosphate. Then the lentiviruses were harvested and trans-
fected with tumor cells. After 24 h, the tumor cells were screened with blasticidin (for CPPT vector, Invivogen, #ant-bl-1) or puromycin
(for PLKO vector, Selleck, #S7417) to obtain highly transduced cells.

Animal treatment study
For the experimental lung metastasis model, luciferase-tagged KPC cells (KPC-Luc, 5 x 10* cells) with mRGS18 overexpression, H2-
T23 knockdown, or empty vector, or GFP-tagged KPC cells were injected into the tail vein of mice. For HLA-E:CD94-NKG2A immune
checkpoint blockade therapy, the interaction was interrupted either sealing the NKG2A on NKs with anti-NKG2A antibody (BioXcell, #
BE0321) or inoculating KPC cells with H2-T23 pre-knocked down. For anti-NKG2A treatment, mice received four consecutively
doses of anti-NKG2A (10 mg/kg) by intravenous injection on days —1, 0, 1, 3, and 5, respectively. After two weeks, the mice were
intraperitoneal injected with D-luciferin potassium (150 mg/kg) and analyzed by IVIS Spectrum Imaging System. After imaging,
mice were sacrificed, and the lung tissues were harvested for pathological examination.

For the subcutaneous flank tumor model, KPC cells (5% 10° cells) with or without H2-T23 knockdown were implanted subcutane-
ously in the right flank of Balb/c nude mice. Anti-NKG2A (10 mg/kg) treatment was administrated by either 5 days after tumor inoc-
ulation or on the same day of tumor xenograft. A total of four doses of anti-NKG2A antibodies were administrated every three days.
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The tumor volumes were measured every three days using a vernier caliper, and tumor volumes were calculated using the formula:
Volume = (tumor length) x (tumor width)?/2.

To recapitulate the liver metastasis of human PDAC via the HPV system, we constituted the model by spleen injection of human
PDACs tumor cells and tail vein injection of human-derived NKs.®° In recipient mice, the transplanted NKs were supposed to elim-
inate human PDACs in circulation. All mice received 5x 10° human-derived NKs intravenously one day prior to tumor inoculation.
For tumor inoculation, the mice were anesthetized via inhaling isoflurane. After complete anesthesia, the mice were injected sub-
cutaneously with buprenorphine SR (1.0 mg/kg) for analgesia, and the surgical site was disinfected with iodophor and 70%
ethanol. We then operated a small surgical incision on the left subcostal and through the peritoneum and exposed the spleen
with slight pressure. Divide the spleen by ligating a 4-0 surgical suture in the center of the spleen. Subsequently, 1x108 lucif-
erase-tagged SU86.86 cells (SU86.86-Luc), RGS18 overexpressed SU86.86-Luc cells (RGS18-SU86.86-Luc), or HLA-E knocked
down RGS18-SU86.86-Luc cells suspended in 100 uL HBSS were injected into one-half (lower pole) of the spleen, followed by a
50 pL “push” of HBSS buffer from the same syringe to flush the inoculum. The syringe was left in place for ~30 s to allow the in-
jected tumor cells to enter the splenic veins. We then placed a 4-0 surgical suture between the pancreas and the spleen vessels
and ligated the spleen vessels. At the same time, the injected hemi-spleen was excised to prevent the formation of a primary
splenic tumor and avoid spleen necrosis. The left half of the spleen (upper pole) was returned to the abdominal cavity. Finally,
the peritoneum and skin were closed with a 4-0 running stitch. After two days, an additional dose of 5x10° human-derived
NKs was administrated to keep a high level of NKs in vivo. After 14 days, the mice were intraperitoneal injected with D-luciferin
potassium (150 mg/kg) and analyzed by IVIS Spectrum Imaging System. Then, the mice were sacrificed, and the liver tissues
were harvested for pathological examination.

For the mouse KPC liver metastasis model, KPC-Luc cells (5% 10°%) with or without mMRGS18 overexpression were inoculated via
hemi-spleen injection. The detailed experimental procedures are described above. For the NK-depleted group, mice received 30 puL
anti-asialo-GM1 antibody (BioLegend, #146002) one day before and one day after tumor inoculation. After 14 days, the mice were
intraperitoneal injected with D-luciferin potassium (150 mg/kg) and analyzed by IVIS Spectrum Imaging System. Then, the mice were
sacrificed, and the liver tissues were photographed.

Immunochemistry and immunofluorescence staining

To prepare the tumor samples for H&E, immunochemistry, and immunofluorescence staining, the tissues were fixed with 10%
formalin followed by paraffin embedding. Human and mouse sections were performed according to a standard IHC and H&E
paraffin-embedded tissue staining protocol. Briefly, the slides were deparaffinized and incubated in 3% hydrogen peroxide. Antigen
retrieval was performed in Tris-EDTA (pH 9.0) at 98°C for 20 min. On the next day, the slides were brought to room temperature,
rinsed in PBS, and then incubated with EpCAM (CST, #2929S), RGS18 (NOVUS, #NBP1-92329), CD94 (Miltenyi Biotec#130-123-
735), NCR1 (Abcam, #ab233558), or GFP (Abcam, #ab183734) primary antibodies overnight. The slides were rinsed with PBS
and then incubated with appropriate HRP or fluorescein-conjugated secondary antibodies at room temperature for 1 h. Afterward,
the slides were rinsed again with PBS and then incubated with DAB (for IHC) or nuclear dye (for immunofluorescence staining) for
visualization.

Western blot analysis

Cells were lysed with RIPA buffer (Millipore, #20-188) in the presence of protease and phosphatase inhibitors at indicated time points.
The cell lysates were then quantified with Pierce BCA Protein Assay Kit (Thermo, #23227). Protein lysates were electrophoresed and
transferred to PVDF membranes. Then, the membranes were probed with antibodies against Tubulin (ZSGB-BIO, #TA-10), p-AKT
Serd73 (CST, #4060L), T-AKT (CST, #4691S), HLA-E (Abcam, #ab2216), RGS18 (NOVUS, #NBP1-92329), p-GSK3B Ser9 (CST,
#9323S), T-GSK3B (CST, #9832S), p-CREB Ser133 (CST, #9198S), p-PKC Thr638/641 (CST, #9375S), p-PKA Thr197 (CST,
#4781S), p-ERK1/2 T202/Y204 (CST, #4370s), and p-P38MAPK (CST, #9216S).

Cytotoxicity assay

The LDH detection assay was performed using an LDH-Glo Cytotoxicity Detection Kit (Promega, #J2381) following the manufac-
turer’s protocol. In brief, SU86.86 cells with HLA-E overexpression or knockdown were seeded in 96-well plates at a density of
2.5x10° cells/well and incubated overnight. On the next day, NKs were isolated from the blood of PDAC patients by EasySep Direct
Human NK Cell Isolation Kit (Stemcell, #19665). Acquired NKs were then dispensed into target cells with or without monalizumab
(100 pg/mL) at 10:1 and 5:1 effector: target (E:T) ratios in triplicate wells. The culture medium contains rhiL-2 (1000 U/ml) and
rhlL-15 (10 ng/mL). After 24 h, the samples were collected and diluted in LDH storage buffer. The LDH Detection Reagent was added
to each well and was incubated at the indicated time. The percentage of tumor cell lysis was defined as follows: Cytotoxicity (%) =
100 x (Experimental LDH Release — Medium Background)/(Maximum LDH Release Control - Medium Background).

Tumor-NK cell co-contact assay

SU86.86 PDAC tumor cells with or without HLA-E overexpression were seeded in 12-well plates at a density of 5x 10 cells/well and
cultured overnight. On the next day, tumor cells were labeled with PKH67 dye (Sigma, #MINI67-1KT) according to the manufacturer’s
instructions. Meanwhile, NKs from the whole blood of PDAC patients were isolated by EasySep Direct Human NK Cell Isolation Kit.
The collected NKs were stained with PKH26 dye (Sigma, # MINI26-1KT) and washed 5 times with HBSS to remove the unspecific
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dyes. NKs were then dispensed into SU86.86 cells with or without monalizumab (100 png/mL) at a 5:1 ratio. The culture medium con-
tains rhiL-2 (1000 U/ml) and rhiL-15 (10 ng/mL). After 24 h, the cells were stained with Hoechst 3342 at 37°C for 10 min. Cells were
then fixed with 4% paraformaldehyde and rinsed with HBSS 3 times to remove the nonspecific binding cells. The co-contact NK-
tumor cells were visualized and photo captured by fluorescence microscopy.

Isolation of platelets

Platelets were isolated from whole blood of PDAC liver metastatic patients or healthy donors under a standard centrifugation protocol
as described previously and with appropriate modification.®" Briefly, the cells were discarded by centrifugation of blood at room tem-
perature for 10 min at 300 g, resulting in platelet-rich plasma. Then the platelet-rich plasma continued to be centrifuged (600 g for
5 min at room temperature), after which the supernatant was centrifuged at 1600 g for 10 min at room temperature. The platelet pellet
was then resuspended in Tyrode’s buffer (oH 7.4, not containing calcium). Platelets were counted and adjusted to a density of 1 x108
platelets/ml for further use. To detect the internalization of platelets in tumor cells, we prelabeled the platelets with 2 pg/mL Alexa
Fluor 594 conjugated wheat germ agglutinin (WGA-594, Invitrogen, #W11262) for 2 min at room temperature. The labeled platelets
were then washed with Tyrode’s buffer three times and adjusted to a density of 1x10® platelets/ml for further use.

Cellular uptake of platelets

To test the internalization capabilities, the PDAC patients derived platelets were incubated with SU86.86 and CFPAC-1 cells. Briefly,
1 x10° cells were seeded into 6-well plate. After overnight growth, cells were incubated with different dosages (0.75 x10° platelets/
ml, 1.5 x 10° platelets/ml, 3 x 10° platelets/ml) of WGA-594 prelabeled platelets for 24 h. Cells were then washed and centrifuged five
times with PBS to remove residual platelets and resuspended in PBS for flow cytometric analysis.

The cellular distribution of platelets was assessed by confocal microscopy. Briefly, SU86.86, CFPAC-1, and KPC tumor cells were
seeded into 12-well plates with cell slides. After incubation with 1.5 x10° platelets/ml WGA-594 labeled platelets for 24 h, cells were
washed five times with PBS and fixed with 4% paraformaldehyde for 30 min at 37°C. Cells were then stained with 1 ng/mL WGA-488
(Invitrogen, #W11261) for 90 s on ice to visualize the cell surface membrane. Slides were mounted with Hoechst nuclear dye and
visualized under a Leica DMi8 confocal microscope.

Treatment of tumor cells with platelets

For western blot assay, SU86.86 and CFPAC-1 tumor cells were seeded into 6-well plate (1 x 10°cells/well). After overnight growth,
cells were incubated with different dosages of PDAC patients derived platelets (0.75 x 10° platelets/ml, 1.5 x10° platelets/ml, 3 x 108
platelets/ml) for 72 h. Cells were then washed and centrifuged five times with PBS to remove residual platelets and lysed with RIPA
buffer for western blot analysis.

To detect whether platelets were internalized by tumor cells, we incubated the mouse KPC PDAC cells with different dosages of
PDAC patients derived platelets (0.75 x 10° platelets/ml, 1.5 x10° platelets/ml, 3 x 10° platelets/ml) for 24 h. Cells were then washed
and centrifuged five times with PBS to remove residual platelets and lysed with Trizol (Life Technologies, #15596-026) for RNA
extraction. The extracted RNA was then used to synthesize cDNA with the RevertAid First Strand cDNA Synthesis Kit (Thermo,
#K1622). gPCR was performed using Universal SYBR Green Supermix (Bio-Rad, #172-5121). GAPDH was used as the reference
gene for relative quantification. Primers specifically targeted mouse Rgs18 (mRgs18) and human RGS18 (hRGS18) genes were de-
signed to detect the expression of hRGS18 in mouse KPC cells (Table S4). Data were analyzed by comparing Ct (222" method and
expressed as fold change compared to GAPDH expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA-seq data was carried out with the R software (v4.0). The Kaplan—-Meier survival curves were plotted using survival and
survminer R packages. FlowJo_V10 was used to analyze flow cytometry data. The Wilcoxon rank-sum test was used to test the sig-
nificance of DGE analysis, and the two sides Wilcoxon test were applied to test the significance of gene expression. The indepen-
dent-sample t-test was used for the comparison between the two groups. Statistical significance thresholds were set at *p < 0.05;
**p < 0.01; ™p < 0.001; ***p < 0.0001. All sample sizes and statistical tests used are detailed in the figure legends.
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