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Hypoxia-reprogrammed regulatory group 2 innate
lymphoid cells promote immunosuppression in
pancreatic cancer
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Summary

Background Previously, we uncovered a patient subgroup with highly malignant pancreatic cancer with serum
markers CEA*/CA125%/CA19-9 > 1000 U/mL (triple-positive, TP). However, the underlying immunosuppressive
mechanism in the tumor immune microenvironment (TIME) of this subgroup is still unknown.

Methods Human tissues were analyzed by flow cytometry, mass cytometry, and immunofluorescence staining.
Mouse pancreatic ILC2s were expanded in vivo and used for RNA sequencing, chromatin immunoprecipitation
(ChIP), and chemotaxis assays.

Findings Through microarray data, we identified the accumulation of the hypoxia-induced factor-ia (HIF-1t) path-
way in these TP patients. Via flow and mass cytometry, we discovered that a special subset of ILC2s were highly infil-
trated in TP patients. Under the hypoxia microenvironment, ILC2s were found undergo a transition to a ILio*
regulatory phenotype, we named ILCregs which was correlated with pancreatic ductal adenocarcinoma (PDAC) pro-
gression. Further, neoadjuvant chemotherapy could ameliorate hypoxic tumor microenvironments so that signifi-
cantly reverse the regulatory phenotype of ILCregs. Moreover, most tumor ILC2 were CD103 ", which indicated its
circulatory origin. The expression of Ccr2 was significantly upregulated on mouse ILCregs, and these cells selectively
migrated to CCL2.

Interpretation Our results indicate that the hypoxia microenvironment creates an immunosuppressive TIME by
inducing ILCregs from a population of circulating group 2 ILCs in TP PDAC patients.
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Introduction

Despite the recent chemotherapeutic advancements in
the treatment of pancreatic ductal adenocarcinoma
(PDAC), the 5-year overall survival remains dismal and
is <8%." Previously, we identified a subpopulation of
patients with a preoperative serum signature of CEA™/
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CA125"/CA19-9 > 1000 U/mL (triple-positive, TP) asso-
ciated with early distant metastasis after radical pancrea-
tectomy.” However, its mechanism remained
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Research in context

Evidence before this study

PDAC is classified as an aggressive and fatal disease. We
previously discovered a special patient subgroup char-
acterized by serum markers CEA*/CA125%/CA19-9 >
1000 U/mL (triple-positive, TP), which was associated
with early metastasis, uncontrolled progressive and che-
motherapy resistance. However, the tumor immune
microenvironment (TIME) of this subgroup is yet to be
explored.

Added-value of this study

Innate lymphoid cells (ILCs) have been proved a vital
role in tumor microenvironment and promote high
tumor plasticity. Previous study identified ILC2 as anti-
cancer immune cells for PDAC. However, in our study,
we revealed that hypoxia-treated ILC2s underwent a
transition to IL10™ ILCregs in TP patients, which was cor-
related with pancreatic ductal adenocarcinoma (PDAC)
progression.

Implications of all the available evidence

Our work indicated that substantial hypoxia pro-
motes the formation of the immunosuppressive
TIME through the induction of ILCregs from a popu-
lation of hypoxic group 2 innate lymphoid cells
(ILC2s) in TP patients, and knowledge of this mecha-
nism may assist in increasing response rate to immu-
notherapy for treating PDAC.

ambiguous. Therefore, a more in-depth investigation of
the complexity within the tumor immune microenvi-
ronment (TIME) of this subgroup is needed to improve
patients’ outcomes.

Hypoxia is a hallmark of the pancreatic cancer
microenvironment, with the median pO, being as low
as 0—j5.3 mmHg (0—0.7%) in tumors compared to the
median pO, of 24.3—92.7 mmHg (3.2—12.3%) in nor-
mal pancreas.>* Hypoxia-induced changes can not only
induce cell cycle arrest, apoptosis, and glycolysis in can-
cer cells,” but also have an important role in regulating
immune cell effector functions.® ®

Innate lymphoid cells (ILCs) are innate immune
cells with roles in parasitic infections, asthma, inflam-
mation, and cancer. Moral et al. reported that IL33-acti-
vated group 2 ILCs (ILCz2s) recruited T cells to boost
anti-cancer immunity in PDAC tissues.” However,
Huang et al. demonstrated that IL33-treated ILC2s pro-
duced IL1o and played a protective role in islet trans-
plantation.’® These results indicate that ILC2s are a
highly dynamic cell type. And their phenotypes and
functions are controlled by the microenvironment. Pre-
vious studies have treated mice with IL33, a canonical
ILC2-activating cytokine. However, the effects of

extremely low oxygen levels on ILC2s are still unclear,
which may reveal the real status in PDAC tissue.

In the present study, we explored the adaptation of
ILCzs to the hypoxic milieu in the TIME. We identified
a unique immunosuppressive mechanism where hyp-
oxia converts ILC2s to IL1o* ILCregs, helping to form a
tolerogenic state in TP pancreatic cancer.

Methods

Ethics

The study was approved by the ethics committee of the
Fudan University Shanghai Cancer Center (050432-4-
1911D), and written informed consent was obtained
from all patients. The animal protocol was approved by
the Institutional Animal Care and Use Committee of
the Fudan University Shanghai Cancer Center and car-
ried out in accordance with the guidelines.

Human specimens

Human peripheral blood mononuclear cells (PBMCs)
and tissues were obtained from the Fudan University
Shanghai Cancer Center. Intra-tumor, peri-tumor, and
non-tumor tissues, as well as peripheral blood, were
obtained as shown in Fig. S1a from patients who under-
went PDAC surgery. Normal pancreas and spleens were
acquired from patients who received surgery for benign
pancreatic cystic neoplasms. All samples were con-
firmed by postoperative pathology.

PBMCs were isolated by Ficoll gradient centrifuga-
tion as previously described.” Human tissue specimens
were minced into 1 mm fragments and digested with
o.1 mg/mL of Liberase TL (Roche Diagnostics, Indian-
apolis, IN, USA) and 10 U/mL of DNase I (Roche Diag-
nostics, Indianapolis, IN, USA) for 30 min. Cells were
filtered and re-suspended in 40% Percoll for gradient
centrifugation (Fig. Sta—d).

Mice
Five-week-old male Cs57BL/6 mice were purchased
from Shanghai Jihui Co. (Shanghai, China). Mice
were bred and housed under pathogen-free condi-
tions at an animal facility. ILC2s (Lin”CD127"ST2")
were sorted by FACS from mice pancreas (Fig. Ste).
The isolation of ILC2 was established as described
previously, which is similar to human specimens.
Briefly, mice tissue was minced and digested with
o.1 mg/mL of Liberase TL (Roche Diagnostics, Indi-
anapolis, IN, USA) and 10 U/mL of DNase I (Roche
Diagnostics, Indianapolis, IN, USA) for 30 min.
Cells were filtered and re-suspended in 40% Percoll
for gradient centrifugation.

For adoptive transfer, ILC2s (Lin~ CD127"ST2") were
sorted from mice treated with IL-33 (400 ng, Thermo
Fisher) every day for 7 days. For orthotopic PDAC
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tumors, the pancreas of each mouse was injected with
1 x 107 PANC-2 cells in 25 uL of phosphate-buffered
saline (PBS, pH 7.4). For subcutaneous PDAC model,
1 x 10° PANC-2 cells were resuspended in sterile PBS
and implanted subcutaneously. After three days, 1 x 10°
ILC2s or PBS were injected every 3 days via the tail vein
or intratumorally and sacrificed 2 weeks later. Tumor
volumes (cm?) were calculated as 1/2 (length x width?).

Flow cytometry and mass cytometry staining

All antibodies were procured from Biolegend (San
Diego, CA, USA), unless specified otherwise. The line-
age cocktail for human cells included anti-CD16 (3G8),
anti-CD11c (3.9), anti-CD123 (6HG), anti-CD19 (HIB19),
anti-CD3 (UCHT1), anti-CD5 (L17F12), anti-CDg4
(DX22), and anti-CD34 (581). Other antibodies for this
purpose included anti-CRTH2 (BM1i6), anti-CDi2y
(Ao1gDs), anti-CD117 (104D2), anti-ICOS (C398.4A),
anti-PD1 (A17188B), anti-CD25 (BC90), anti-IL1o (JES3-
9D7), anti-CTLA4 (BNI3), and anti-CCR2 (Ko36C2).
Lineage antibodies for mice included anti-B220 (RA3-
6B2), anti-CD3 (2Ci11), anti-TCRB (Hsy), anti-TCRyé
(GL-3), anti-CD11b (M1/70), and anti-CDj (53-7.3). Other
antibodies for this purpose included anti-Thyr.2 (53-2.1),
anti-CD25 (PC61.5), anti-ST2 (DJ8; MD Bioproducts,
Oakdale, MN, USA), and anti-IL1o (JES5-2A5). Cell sort-
ing was performed on a FACSAria II system (BD Bio-
sciences, San Jose, CA, USA), whereas flow cytometric
analysis was performed on a Canto-II system (BD Bio-
sciences, San Jose, CA, USA). For cytokine staining,
cells were incubated with the Leukocyte Activation
Cocktail (BD Biosciences, San Jose, CA, USA) for 5 h
and then stained with the Intracellular Cytokine Stain-
ing Kit (BD Pharmingen, San Jose, CA, USA). For tran-
scriptional  factor staining, the Fix/Perm Kit
(eBioscience, San Diego, CA, USA) was used as previ-
ously described.”

Cytometry by time-of-flight (CyTOF) was performed
by PLTTech Inc. (Hangzhou, China) as previously
described.” Briefly, human tumor tissue was digested
and immune cells were extracted. Isolated human
tumor immune cells were blocked and stained for
30 min with a surface marker. Then, the cells were
stained with intracellular/nuclear antibodies after fixa-
tion and permeabilization. The cells were rinsed, and
re-suspended. Then, the samples were run through the
CyTOF instrument (Helios, Fluidigm, South San Fran-
cisco, CA, USA), and the signal data were collected.

Chromatin immunoprecipitation assay

To obtain sufficient numbers of ILC2s, mice were
treated with 400 ng IL-33 for 7 consecutive days. Chro-
matin immunoprecipitation (ChIP) was performed as
previously described.”* Anti-HIF-1o antibody (NBr1oo,
Novus) or IgG (negative control) were used. The

www.thelancet.com Vol 79 Month May, 2022

primers were 5-CATCAGATAAGACGAGATAACCCC-
3’ (forward) and 5-GAGTCCCCTATTGCCTTTCATT-3
(reverse).

Luciferase reporter assays

To construct the Il10 promoter luciferase reporter plas-
mid, the HRE-like sequence (GGACGTGT) was ligated
into the pGL3-basic plasmid (Promega, Madison, WI,
USA). Luciferase reporter assays were performed as pre-
viously described.”

Cell culture

For hypoxia treatment, cells were exposed to hypoxia
(1% O,) for the indicated time period. In reoxygenation
group, RNA was collected from ILC2 after 24 h hypoxia
culture (1% O2) + 24 h reoxygenation (20% 0O2). ILC2s
were cultured in «-MEM supplemented with 20% FBS
in the presence or absence of 10 ng/ml of IL-2, IL-7, or
IL-33. Mouse CD3* T cells were sorted by FACS and
labeled with o.5 M CFSE in 1 ml of PBS for 15 min at
37 °C (Invitrogen, Carlsbad, CA, USA). CFSE-labeled
CD3" T cells were cultured with or without 24 h hyp-
oxia-treated ILC2s (renewed daily) and examined 5 days
later with Transwell (0.4 um) with polyclonal-stimu-
lated (10 pug/mL anti-CD3 and 10 pg/mL antiCD28).
Human PBMC-derived ILC2s were cultured with
400 ng/ml CCL2 and examined 24 h later.

Human mast cell line (HMC-1) is a gift from Profes-
sor Hui Tang’s Lab (Huashan Hospital, Fudan Univer-
isty, Shanghai, China). It is maintained in IMDM
supplemented with 10% FBS and 5%L-glutamine.

Chemotaxis assay

Mouse pancreatic ILC2s (5 x 10°) were added to the
upper well (5 um), and 400 ng/ml mouse CCL2 (R&D
System, Minneapolis, MN, USA) was added to the lower
chamber. Cells were cultured for 24 h, and the chemo-
tactic index was calculated as the ratio of cells migrated
with CCL2 to the cells migrated with the medium
alone.

Immunofluorescent staining and
immunohistochemistry
Paraffin-embedded 5 pm-thick pancreatic adenocarci-
noma tumor tissue sections were deparaffinized and
processed for immunofluorescent staining. Sections
were incubated overnight with human anti-CD3
(SP162), anti-CD127 (Tyr449), or anti-CRTH2 (PAgs-
20332) at 4 °C. Sections were visualized under a fluores-
cence microscope (NIKON ECLIPSE Ci, Japan), and
images were acquired with a digital camera (NIKON
DS-U3, Japan).

Immunohistochemistry (IHC) was performed as
previously described to detect the expression of HIF-
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1a."* According to the percentage of stained cells, stain-
ing intensity was scored as follows: o = 0—5% stained
cells, 1 = 5—25%, 2 = 25—50%, 3 = 50—75%, and
4 = 75—100%. Based on the staining morphology, the
following scores were assigned: o = negative, 1 = pal-
lide-flavens grains, 2 = bufty grains, and 3 = brown-black
grains. Both scores were multiplied to determine the
score of each sample, with the minimum score being o
and the maximum score being 12. Scores of 0—4, 5—8,
and 9—12 were considered to indicate negative, positive,
and strongly positive HIF-1« expression, respectively.

RNA sequencing

Total RNA from ILC2 or HMC-1 was extracted and
sequenced as we previously described.” RNA-seq data
generated in this study have been deposited in the Gene
Expression Omnibus (GEO) with the accession number
GSE196812.

Gene set enrichment analysis (GSEA) and gene set
variant analysis (GSVA)

GSEA and GSVA were conducted by “clusterProfiler” R
package and “GSVA” R package. GSEA plots were based
on unbiased analysis against all gene sets. The surv-
miner R package was used to identify the optimal cutoff
point for high and low expression.

Statistics and bioinformatics analysis

The Student t-test was used to compare the two groups,
unless specified otherwise. Survival analysis was con-
ducted using the Kaplan—Meier method and data were
compared using the log-rank test. Data were expressed
as means and SDs. P-values less than o.05 (*p < 0.05;
**p < 0.0I; ¥**p < 0.001; ****p < 0.000I) were con-
sidered statistically significant.

Immune cells abundance in samples was estimated
by ImmuCellAI'® and TIP (Tracking Tumor Immuno-
phenotype).”” GEPIA (Gene Expression Profiling Inter-
active Analysis)’® was used to analyze the indicated
genes expression level and survival association in TCGA
data.

Role of the funding source

The funding agencies of this study had no role in the
study design, data collection, analysis, interpretation of
data, writing of paper, or in the decision to submit the
paper for publication.

Results

TP pancreatic cancer exhibit a distinct hypoxia tumor
microenvironment with high ILC2s infiltrate

We analyzed the microarray data in patients with TP
pancreatic cancer and patients who were non-CEA"/

CA125%/CA19-9 > 1000 U/mL (Non-TP)."* PCA (prin-
cipal component analysis) showed that the two groups
had distinct gene expression profiles (Figure 1a). To
identify the immune cells components in the tumor
microenvironment in PDAC, we estimated the abun-
dance of major immune cells in TP and Non-TP
patients using ImmuCellAl algorithm. The results
showed that only CD8" T cells were dramatically
decreased in TP patients (Figure 1b). Previously, Moral
et al.? reported that ILC2 could prime and recruit CD8"
T cells into PDAC. That prompted us to investigate the
status of ILC2 in TP patients. Therefore, we isolated
lymphocytes from intra-tumor, peri-tumor, non-tumor,
and normal tissues (Fig. Sta—d). Compared with intra-
tumor tissues, very few lymphocytes were identified in
the peri-tumor, non-tumor, and normal tissues
(Figure 1c). Therefore, peri-tumor and non-tumor tis-
sues were not included in further analysis due to the
absence of lymphocytes. Although the percentage of
ILCs (Lin~CD127") in Lin~ was significantly lower in
tumor tissues than that in PBMC and spleen
(Figure 1d), the proportions of ILCs (Lin~ CD127y")
and ILC2s (Lin~CD127*CRTH2*) in lymphocytes
were significantly increased in intra-tumor tissues
compared with PBMCs from patients, PBMCs from
healthy controls, and spleens (Figure 1e, f). In
immunofluorescence analysis, the number of ILC2s
(CD3~ CD127"CRTH2") also significantly increased in
tumor tissues (Figure. 1g, Sif). Furthermore, the
ratio of ILC2s was increased in the TP patients com-
pared to that in Non-TP patients (Figure th). And
the levels of CTLA4, CD2s5, and ILio in the TP
ILC2s were much higher than those in the Non-TP-
derived ILC2s (Figure. 1i—k, Sig). However, PD1
expression remained almost same (Figure 1l). To fur-
therly clarify the feature of tumor microenvironment
in TP patients, we performed pathway analysis and
gene set enrichment analysis (GSEA). The results
revealed that the HIF-1 signaling pathway was signif-
icantly increased in TP patients (Figure rm, n).
According to our previous ILC2 scRNA-seq study,”
we identified 12-gene signature of ILC2 compared to
other cell types (IL13, HPGDS, KLRB1, GATAj,
GADD45G, PLIN2, TNFSFio, STARD4, PHLDAI1,
ARL4A, KLRG1 and IGKC). Then, we employed gene
set variation analysis (GSVA) to predict overall survival
in PDAC TCGA data using this 12-gene signature. Opti-
mal cutoff point was determined by the survminer R
package. No difference in overall survival (OS) was
observed between patients who were ILC2 high and
ILC2 low in TCGA data (Figure 10). Moreover, the
ILC2-activating cytokines IL33 and TSLP in the TCGA
database could not predict the prognosis (Fig. Sth, i).
However, when we stratified ‘ILC2 high’ as HIF-1« high
and HIF-1o low groups, the patients showed signifi-
cantly lower OS in the HIF-1a high group (Figure 1p).
This difference is nonsignificant in ‘ILC2 low’ group
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Figure 1. Characterization of a novel ILC2 group in pancreatic cancer.
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(Figure 1p). Therefore, the function of ILC2s needed to
be further investigated under hypoxic microenviron-
ment.

Hypoxia-treated ILC2s in tumor tissues correlate with
PDAC progression

To further clarify the role of ILC2s in PDAC, we estab-
lished a subcutaneous PDAC tumor model and trans-
ferred ILC2s or PBS intratumorally every 3 days.
Consistent with the study of Moral et al.” the tumor vol-
ume was significantly decreased in mice with IL33-acti-
vated ILC2 group. However, when we injected hypoxia-
treated ILC2 cells, the tumor volume significantly
increased (Figure 2a, b). Furthermore, we adoptively
transferred CD45.2" ILC2s into CD45.1 orthotopic
tumor-bearing and control mice (Figure 2c), and con-
firmed the accumulation of ILC2s in tumor tissue
(Figure 2d, e). The orthotopic PDAC tumors results
showed that hypoxia treatment significantly reversed
ILC2 function in PDAC (Figure 2f, g). Moreover, perito-
neal metastasis was observed in mice of the hypoxia-
treated ILC2 group (Figure 2h, i, Fig. S2). Furthermore,
Ki67 and IL1o staining was significantly higher in the
hypoxia-treated ILC2 group (Figure 2j, k).

Hypoxia induced ILC2 regulatory conversion

In accordance with the results of our previous study,*
HIF1A expression significantly increased in PDAC
tumor tissues (Fig. S3a). Furthermore, the TIP tool was
employed for analyzing the anti-cancer immune
response. In HIF1A high group, priming and activation
(Step 3), infiltration of immune cells into tumors
(Steps) and killing of cancer cells (Stepy) were found to
be significantly downregulated (Figure 3a). In the mean-
time, macrophage recruiting (Step4), Treg cell recruit-
ing (Step4) and MDSC recruiting (Step4) were
significantly increased (Figure 3a). Thus, hypoxia may
induce tumor immunosuppression in PDAC. To inves-
tigate the dynamic change of ILC2s under hypoxic cul-
ture, we sorted and cultured hypoxic mouse ILC2s at
different time points for RNA-seq. PCA verified the

different gene profiles in these groups (Figure 3b). Dif-
ferentially expressed genes in 24 h treated and
untreated [LC2s were enriched for the negative regula-
tion of the immune response (Figure 3c). GSEA
revealed that the expression of negatively regulated
genes were increased in the 24 h hypoxia ILC2s group
(Figure 3d). Surface markers Ctla4 and Il2ra, transcrip-
tion factors Gata3 and Ido1, and cytokines Ilio, Tgfbs,
and Vegf gradually increased in the ILC2s after hypoxia
treated, and decreased after reoxygenation 24 h later
(Figure 3e—g). Given that IL-10 is the feature cytokine
of Treg cell-mediated suppression, we confirmed the
increase in IL-10 induced by hypoxia and decrease after
reoxygenation using ELISA in hypoxic mouse ILC2s
(Figure 3h). Therefore, we named these hypoxic ILC2s
as ILCregs. Furthermore, tumor volume remained
almost same after reoxygenation 24 h ILC2 injection
compared to control group in orthotopic PDAC tumors
(Figure 3i, j). Collectively, these results indicate that
hypoxia reversibly induces the conversion of ILC2s to
ILCregs, a regulatory phenotype.

Neoadjuvant chemotherapy reverses the ILC2
regulatory phenotype

In order to investigate whether this effect is a trait con-
fined to ILC2s or not, we cultured human mast cell line
(HMC-1) under hypoxia condition for indicated time
period. PCA (principal component analysis) showed the
distinct gene expression profiles (Figure 4a). GO analy-
sis between control and 24 h hypoxia HMC-1 group was
mainly enriched in metabolite process (Figure 4b). In
addition, surface markers CD274 and IL2RA, transcrip-
tion factors GATA3 and ID2, and cytokines ILio
remained almost same under hypoxia culture
(Figure 4c—e). Therefore, unlike ILC2s, mast cells did
not undergo regulatory conversion after hypoxia cul-
ture.

Since nab-paclitaxel has been reported to induce a
marked decrease in cancer stroma,”” we investigated
whether neoadjuvant chemotherapy could ameliorate
hypoxic tumor environments and affect ILC2s. We

(a) Visualization of TP (n = 3) and Non-TP (n = 3) in PCA, computed on a gene expression matrix. (b) Major immune cells abun-
dance in TP and Non-TP patients estimated by ImmucCellAl algorithm, using microarray data. (c) Lymphocyte numbers in intra-tumor
(n = 8), peri-tumor (n = 8), non-tumor (n = 8), and normal tissues (n = 4), assessed with the Mann-Whitney U test. (d) Percentages of
ILCs in Lin™ in tumors (n = 14), PBMCs from patients (n = 13), PBMCs from healthy controls (n = 9), and spleens (n = 5). (e) Percen-
tages of ILCs in lymphocytes from tumors (n = 14), PBMCs from patients (n = 13), PBMCs from healthy controls (n = 9), and spleens
(n = 5). (f) Percentages of ILC2s in lymphocytes from tumors (n = 14), PBMCs from patients (n = 13), PBMCs from healthy controls
(n =9), and spleens (n = 5). (g) Representative immunofluorescence images (magnification, x 1500) of human PDAC tissue stained
with antibodies against CRTH2 (red), CD3 (pink), and CD127 (green). Nuclei were stained with DAPI (blue). (h) Percentages of ILC2s
in lymphocytes from Non-TP (n = 6) and TP (n = 8) patients. Statistical analysis of CTLA4 (n = 4) (i), CD25 (n = 5) (j), IL10 (n = 5) (k)
and PD1 (n = 5) () in ILC2 from Non-TP and TP patients. (m) Pathway analysis of differentially expressed genes highly expressed in
TP. (n) Gene set enrichment analysis (GSEA) of hypoxia pathway in TP and Non-TP patients. (0) Gene Set Variance Analysis (GSVA)
using a 12-gene signature of ILC2s derived from single-cell sequencing analysis. Optimal cutoff point was determined by the surv-
miner R package. Analysis of survival prediction within PDAC TCGA cohort. (p) Survival prediction of PDAC according to HIF-1«
expression in “ILC2 high” or “ILC2 low” patients’ group. Data are expressed as means + SD and compared using the unpaired t test
(¥, P < 0.05; **, P < 0.01; ***, P < 0.001).
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ing index of IL10 (n = 5). Data are expressed as means + SD and compared using the unpaired t test (*P < 0.05; **, P < 0.01; ***,
P < 0.001).
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obtained samples from patients who received neoadju-
vant AG (nab-paclitaxel + gemcitabine) prior to surgery.
Immunohistochemistry assay confirmed that the
expression of HIF-1« significantly decreased after neo-
adjuvant chemotherapy (Figure. 4f and S3b). Although
the percentage of ILC2s in lymphocytes remained
almost the same both in flow (Figure 4g) and CyTOF
data (Figure 4h), the IL1o levels of ILC2s significantly
decreased after chemotherapy (Figure 4i), indicating
that chemotherapy reversed the ILCregs group. More-
over, via mass cytometry, we identified two different
subsets of ILC2s both in tumor without and with che-
motherapy, in which one was CD103" and the other was
CD1o3~ (Figure 4j, k). Interestingly, the majority of
ILC2 in PDAC was CD103~ (Figure 4l).

Tumor infiltrated ILC2 migrated via CCL2/CCR2
The origin of lymphocytes in the intra-tumor PDAC tis-
sues was unclear. There were very few lymphocytes in
the non-tumor pancreas; however, it increased signifi-
cantly in pancreas tissue with pancreatitis (Figure 5a), in
which only 20% lymphocytes were CD103" and slightly
elevated in intra-tumor tissues (Figure sb, ¢). These
results indicate that the pancreatic tumor related lympho-
cytes like ILC2 might be migrated from the circulation.
As shown in CyTOF data, PDAC-derived ILC2s
expressed CCR2, CCR3, CCR4, CCRj;, and CCRG
(Figure 4j, k). According to a study by Weston et al.*®
PBMC-derived ILC2s do not express CCR3. Therefore,
we investigated the ligands of CCR2, CCR4, CCR3, and
CCRG and observed that the levels of CCL2, CCL3,
CCL4, CCL1y, CCL20, and CCL22 were significantly
upregulated in tumors (Fig. S4). CCL2 (CCR2), CCL4
(CCR4), and CCL22 (CCRj) had the highest correlation
values with HIF1A (Figure 5d). Of these, RNA-Seq data
from hypoxic mouse ILC2s showed that the Ccr2 level,
rather than Ccrg and Cers, was upregulated in hypoxic
conditions (Figure se). In addition, CyTOF data showed
that CDro3~ ILC2 expressed high level of CCR2
(Figure 5f). Flow data confirmed that PDAC-derived
ILC2s expressed higher CCR2 than Lin CD127  cells
(Figure 5g, h). Moreover, CCL2 could induce the migra-
tion of mouse ILC2s under in vitro hypoxic conditions
for 24 h (Figure 5i). Taken together, these results indi-
cate that circulatory ILC2s may selectively respond to
CCL2 and migrate into tumors.

Hypoxia-induced IL10" ILCregs suppress the
proliferation of CD3* T cells

Knockdown of Hif1e in ILC2 cells significantly
decreased the IL1o level (Figure Ga). To investigate the

interaction between Hif1ie and Ilio in ILC2s, we
searched for HREs in the promoter regions of Ilz0 and
identified a high-scoring HRE-like binding site of ILC2s
(Figure Gb). Chromatin immunoprecipitation verified
that HIF-1e directly bound to the -1000 to -993 bp
(GGACGTGT) promoter of Ilio in mouse ILCas
(Figure 6c¢). Subsequently, we transfected the Ilio lucif-
erase reporter. Compared with the control, the Ilio
reporter was increased under hypoxic conditions, indi-
cating that an HRE motif existed in the promoter frag-
ment of the Ilio gene (Figure 6d).

To examine immunosuppression function of
ILCregs, we co-cultured hypoxia-treated and untreated
mouse [LC2s with mouse CD3" T cells. As expected,
CD3" T cell proliferation was inhibited in the ILCregs
(Figure Ge, f). In addition, the ILCregs significantly
decreased secretion of IFN-y in the CD3" T cells
(Figure 6g, h). Moreover, when we injected ILCregs
into mice, CD3" T cells in tumor were significantly
decreased (Figure Gi, j). Notably, CyTOF data showed
that chemotherapy reversed this effect and increased
CD3" T cells in PDAC tissues (Figure 6k—m). These
results therefore highlight that the immunosuppressive
function conversion of ILC2 to ILCreg may inhibit T
cells function in PDAC tumor microenvironment.

Discussion
For decades, gemcitabine was the only chemotherapy
choice for patients with PDAC. Recent advancements in
adjuvant therapies, such as FOLFIRINOX and AG, have
been reported to improve limited survival but with
increased toxicity, especially in TP patients.” Patient
responses to immune checkpoint inhibitors, such as
anti-programmed cell death protein 1 (PD-1), anti-pro-
grammed death-ligand 1 (PD-L1), and anti-cytotoxic T
lymphocyte-associated antigen 4 (CTLA-4), alone or in
combination, are quite disappointing.””** Previous
studies have reported that PDAC has an infiltrated-
excluded TIME, and lymphocytes localized along the
border of the tumor mass are in the invasive
margin.***4 Therefore, PDAC has been classified as a
“cold” tumor,** which may explain why immunotherapy
has been largely unsuccessful. However, in this article,
we found a substantial population of lymphocytes in
intra-tumor tissues and few lymphocytes in peri-tumor
and non-tumor tissues, which prompted us to speculate
that the low response rate to immunotherapy might be
due to the immunosuppressive mechanisms in the
TIME of PDAC patients.

Hypoxia is known as a characteristic feature of the
PDAC microenvironment.”> To date, large bodies of
work on hypoxia have focused on the cancer cells, and

expression in mouse ILC2s under hypoxia treatments (n = 4). (i) Orthotopic PDAC mouse model with or without injection of reoxy-
genation 24 h ILC2s (n = 5). (j) Tumor volume in orthotopic PDAC mouse model with or without injection of reoxygenation 24h
ILC2s (n = 5). Data are expressed as means =+ SD and compared using the unpaired t test (*,P < 0.05; **, P < 0.01; ***, P < 0.001).
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Figure 4. Neoadjuvant chemotherapy reverses the ILC2 regulatory phenotype.

PCA plot (a) and GO analysis of differentially expressed genes (b) in control vs Hypoxia 24H group in HMC-1 (n = 3). (c) (d) (e)
Heatmap of representative genes in the HMC-1 RNA-seq. (f) Statistical analysis of HIF-1« in tumor samples with or without chemo-
therapy (n = 21). (g) Percentage of ILC2s in lymphocytes from tumors with (n = 6) or without chemotherapy (n = 14) (flow data). (h)
Percentages of ILC2s in lymphocytes from tumors with or without chemotherapy (CyTOF data) (n = 3). (i) Values of IL10 in ILC2s
with or without chemotherapy (n = 3). Heatmap of ILC2s from tumors without (j) or with (k) chemotherapy pre-gated on CD45" line-
age™ cells (CD11b, CD11¢, CD14, CD16, CD19, CD3, CD4, CD8) in CyTOF, indicated by the rectangle drawn with the red border. (I)
Percentage of CD103™ and CD103" ILC2s in ILC2s, each bar indicated one patient. Data are expressed as means & SD and compared
using the unpaired t test (*P < 0.05; **, P < 0.01; ***, P < 0.001).
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Figure 5. PDAC ILC2s are derived from the circulation and correlate with CCL2.

(@) Number of lymphocytes in non-tumor tissues with (n = 7) or without pancreatitis (n = 8). (b) Representative flow plot of
CD103 in lymphocytes in the indicated tissues. (c) Percentage of CD103" in lymphocytes from spleen (n = 4), PBMC (n = 4), intra-
tumor (n = 4), peri-tumor (n = 4), and non-tumor tissues (n = 4) as well as pancreas with pancreatitis (n = 3). (d) Correlation between
the indicated chemokine and HIF1A in the TCGA (PDAC) database. (€) FPKM of Ccr2, Ccr4, and Ccr5 in control and 24h hypoxia mouse
ILC2 groups. (f) Expression of CCR2, CCR3, CCR4 CCR5, and CCR6 in CD103™ ILC2 (CyTOF data) (n = 6). (g) Representative flow plot
and (h) statistical analysis of CCR2 in human tumor-derived ILC2s and Lin " CD127~ (n = 4). (i) Mouse ILC2s migrate in response to
CCL2 under hypoxia condition (n = 5). Data are expressed as means £+ SD and compared using the unpaired t test (*,P < 0.05; **,
P < 0.01; *** P < 0.001).
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Figure 6. Hypoxia-induced IL10" ILCregs suppress the proliferation of CD4" T cells and ILC2s.

(a) Expression of IL10 in mouse ILC2s under hypoxic conditions for 24 h after Hif-1a knockdown by siRNA compared with con-
trols (as detected by ELISA) (n = 4). (b) Schematic depiction of the //70 promoter suggested a putative HRE sequence. (c) ChIP analy-
sis confirming the existence of the HRE in the promoter of the //70 gene using anti-HIF-1«. (d) Luciferase activities of //70 under
hypoxia (n = 3). (e) The percentage of CFSE™ T cells after 5-days culture with or without ILC2s and (f) statistical analysis of the per-
centage of CFSE™ T cells (n = 3). (g) The percentage of IFN-y* cells after 5-day culture with or without ILC2s and (h) statistical analysis
of the percentage of IFN-y* cells (n = 3). (i) Representative immunofluorescence images (magnification, x 400) of mouse PDAC tis-
sue stained for CD3. Nuclei were stained with DAPI (blue). The lower panel presents magnified views (x 1500) of the area within the
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Figure 7. Schematic model depicting hypoxia-induced ILCreg from ILC2 in PDAC tumour microenvironment.
Substantial hypoxia exists in PDAC tumour microenvironment. When the circulating ILC2s are recruited to the tumour, hypoxia-
treated ILC2s underwent a reversible transition to ILCregs. This subsets of ILC2 counteract effective T cell responses and promote

tumor progression.

have taken little note of immune cells. This is the first
study to report that hypoxia induced a regulatory ILC2
phenotype. In response to hypoxia, ILC2s expressed
Ido1, Ctlag, Pdcdi, Il2ra, and Ilio. Moreover, we identi-
fied a functional HRE in the promoter of Ilzo. Hypoxic
ILC2s also inhibited T-cell proliferation compared with
the control. These findings indicate that ILCregs can be
generated from ILC2s under hypoxic conditions.

Morita and his colleagues reported that RA (retinoic
acid) induced IL-1o secretion in ILC2s in asthma
patients.”® However, the TCGA database did not show
any differences in the levels of ALDH1AT and ALDH1A2
in PDAC (Fig. Ssa), which encode RALDH1 and
RALDH2 and covert retinol to RA. Although ALDH1A3
expression was higher in tumor tissues, its level was
very low compared with the other two genes (Fig. S5b).
On the other hand, Wang et al. reported that ILCregs
were present in mouse and human intestines in both
the inflammatory and steady state.®” In the present

study, we cannot detect ILCregs in the steady state in
normal pancreas, and the expression of Id3 decreased in
mouse hypoxic ILC2s, which was found to be essential
for the development of intestinal ILCregs. Therefore,
these results indicated that hypoxia-induced ILCregs in
PDAC might be different with that in the intestine and
lung.

A previous study characterized ILC2s as anti-cancer
immune cells in PDAC.? Consistent with the study by
Moral et al. the injection of ILC2s into mice could
decrease tumor volume. However, the injection of hyp-
oxic ILC2s increased the tumor volume and induced
peritoneal metastasis, indicating that hypoxia-treated
ILC2s promoted PDAC progression. The discrepancy
between our results and those of Moral et al. might be
due to differences in hypoxia treatment of cells, which
might reflect the real status in a tumor microenviron-
ment. Moreover, we did not find an association between
L33, the ILC2-activating cytokine, and better prognosis

red boxes in the left panel. (j) The percentage of CD3" cells in CD45" cells identified by flow cytometry in mice orthotopic PDAC
(n =5). (k) () Heatmap of CD3* T cells in TP tumors with or without chemotherapy in CyTOF, indicated by the rectangle drawn with
the red border. (m) Percentages of CD3* T cells in lymphocytes from tumors with or without chemotherapy (CyTOF data) (n = 3).
Data are expressed as means & SD and compared using the unpaired t test (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).
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in TCGA, as well as another ILC2-activating cytokine,
TSLP. Our CyTOF data also demonstrated that PDAC-
ILCz2s expressed low levels of IL33R.

Homma et al.*® Murakami et al.*® and Tsuchikawa
et al.> have conclusively established that the number of
CD8&" T cells increased and the number of FOXP3* cells
decreased in response to gemcitabine-based chemother-
apy. However, whether the AG regimen could immuno-
logically alter TIME still remained unclear. It was
believed that tumors treated with nab-paclitaxel con-
tained less abundant CAFs. As expected, the present
study found that the AG regimen significantly reduced
the hypoxic area in tumors. We employed a combina-
tion of flow cytometry and CyTOF data to show that the
percentage of PDAC-derived ILC2s did not differ with
or without chemotherapy. However, the regulatory phe-
notype of ILC2s was reversed after chemotherapy. Com-
bined with in vitro data, these results might indicate
that re-oxygenation of the hypoxic tumor area can
reverse the phenotype of ILCregs.

High expression level of CEA*/CA125"/CA19-9 indi-
cated abundant mucins presented in TIME of TP
patients. Therefore, there might exist other mecha-
nisms independent of immune modulation in TP
patients. Thomas et al. reported that CA125/MUCI6
activated AKT and GSK3B pathways through ErbB
receptors enhancing PDAC progression.”’ Muniyan
et al. revealed the interaction of CA125/MUCI6 and
FAK in PDAC.** Recently, Engle et al. established a
genetically engineered mouse models (GEMM) that
expressed CA19-9.>> CA19-9 expression in mice could
not only promote rapid and severe pancreatitis, but also
accelerate pancreatic cancer progression. Therefore, this
maybe a suitable mice model for the investigation of
both immune and nonimmune mechanisms of TP
patients in future research.

In conclusion, we showed that inhibitory ILC2s are
enriched in TP PDAC patients and identified a new reg-
ulatory pathway by which ILC2s are converted to
ILCregs under hypoxic conditions. This is the first study
to report that hypoxia induced a regulatory ILC2 pheno-
type. Our findings support a novel mechanism to
explain how ILCs adapt to hypoxia and promote PDAC
progression (Figure 7).
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