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activating receptor CD226. This axis

promotes an immunosuppressive niche

that enables lung metastases.
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SUMMARY
Although T cells can exert potent anti-tumor immunity, a subset of T helper (Th) cells producing interleukin-22
(IL-22) in breast and lung tumors is linked to dismal patient outcome. Here, we examined the mechanisms
whereby these T cells contribute to disease. In murine models of lung and breast cancer, constitutional
and T cell-specific deletion of Il22 reduced metastases without affecting primary tumor growth. Deletion of
the IL-22 receptor on cancer cells decreases metastasis to a degree similar to that seen in IL-22-deficient
mice. IL-22 induced high expression of CD155, which bound to the activating receptor CD226 on NK cells.
Excessive activation led to decreased amounts of CD226 and functionally impaired NK cells, which elevated
the metastatic burden. IL-22 signaling was also associated with CD155 expression in human datasets and
with poor patient outcomes. Taken together, our findings reveal an immunosuppressive circuit activated
by T cell-derived IL-22 that promotes lung metastasis.
INTRODUCTION

The major hallmark of neoplastic progression and the primary

cause of cancer-related mortality is the ability of cancer cells

to disseminate to secondary sites and form metastases.1,2 The

formation of metastasis can be prevented by immunosurveil-

lance involving natural killer (NK), cytotoxic, and T helper (Th) 1

cells.3,4 In contrast, regulatory T cells (Treg), circulating mono-

cytes, and Th cell-derived IL-17A form an immunosuppressive

microenvironment, enabling immune escape and promoting me-

tastases.4–6 Therefore, it is critical to identify signaling cascades
Immunity 56, 143–161, Jan
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that define the function of pro- vs. anti-tumorigenic immune

cells.7,8

Interleukin-22 (IL-22) is a cytokine produced by Th17 and, in

humans, also by the Th1 subset, known to promote cancer cell

growth, enhance migration, protect from apoptosis, induce

epithelial-to-mesenchymal transition, and sustain stemness of

malignant cells.9–13 It also promotes early carcinogenesis, acting

on precursor lesions or immature cancer stem cells.14–18 IL-22-

producing cells, mainly Th cells, but also gamma delta (gd)

T cells, invariant natural killer T (iNKT) cells, and innate lymphoid

cells (ILCs), have been detected in primary cancer lesions.19–24
uary 10, 2023 ª 2022 The Author(s). Published by Elsevier Inc. 143
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IL-22 is expressed at biologically relevant levels in breast, colon,

lung, gastric, and hepatocellular carcinoma.9,11,12,25,26 In most

studies, its expression is associated with a poor prognosis,

higher disease stage, and faster tumor progression.13,22–24,27–29

IL-22 acts exclusively through the IL-22 receptor (IL-22R)

comprised of two subunits, IL-22RA1 and IL-10RB.30,31 The ac-

tion of secreted IL-22 is modulated by an inhibitor, the IL-22

binding protein (IL-22BP, IL-22RA2), a homolog of IL-22RA1,

that is mainly produced bymyeloid cells.32,33 Under steady-state

conditions, IL-22 is an essential homeostatic cytokine at epithe-

lial barriers such as the gut, lung, and skin.34,35 At these sites,

IL-22 promotes protection, regeneration, and repair to sustain

barrier integrity,36,37 and its absence exacerbates inflamma-

tion-induced carcinogenesis.13,38 Together, these data highlight

the broad, context-dependent functions of IL-22 in both physio-

logical and pathological conditions.

Upon receptor binding, IL-22 triggers the Janus kinases Jak1

and Tyk2 to phosphorylate STAT3, STAT1, or STAT5, but IL-22

can initiate other downstream pathways, including the mito-

gen-activated protein kinases (MAPK) cascade or PI3K-Akt-

mTOR signaling, depending on the cellular context.13,36,39–44

This diversity of signaling pathways is reflected by the multitude

of physiological effects that have been associated with IL-22

signaling, including those described above, as well as protection

from genotoxic damage and the induction of anti-bacterial pep-

tides, mucus, pro- and anti-inflammatory cytokines, and

chemokines.36,38,39,45,46

Cancer cells induce the production of IL-22 from Th cells in

breast and lung cancer patients.12,47,48 NLRP3 inflammasome-

driven release of IL-1b induces IL-22 production from T cells in

the tumor, and both IL-22+ Th cells and an NLRP3-IL-1b signa-

ture can be found in tumor samples of breast and lung can-

cer.48,49 Here, we set out to delineate a mechanism whereby

IL-22 promotes breast and lung cancer progression. We found

that IL-22 promotes metastasis spread to the lung, revealing a

circuit wherein IL-22 mediated immunosuppression in the meta-

static niche by promoting the expression of CD155 on cancer

cells, which was associated with decreased expression of

CD226 on NK cells and reduced interferon-g (IFNg) production.

Clinical data indicate that activation of such pathways is linked to

patient outcomes.

RESULTS

IL-22 impacts disseminated cancer cells in syngeneic
mouse models of lung and breast carcinoma
To understand the impact of the IL-22-IL-22R1 signaling axis on

cancer progression, we analyzed syngeneic murine models of

breast and lung carcinoma. As cancer patients mostly succumb

to metastatic disease, we recapitulated this with phenotypically

relevant models. We implanted either 4T1 breast cancer or

Line-1 lung cancer cells subcutaneously (s.c.) in the right flank

of wild-type mice (WT) and mice lacking IL-22 expression

(Il22�/�) (Figure 1A). IL-22 did not impact the outgrowth of the

primary tumors in either model (Figures 1B and 1C). Upon reach-

ing pre-defined termination criteria (tumor >225mm2 or ulcera-

tion), the lungs were the main metastatic site in our model with

occasional metastases found elsewhere (not shown). Il22�/�

mice demonstrated decreased metastatic dissemination of
144 Immunity 56, 143–161, January 10, 2023
Line-1 and 4T1 cells to the lung comparedwith wild-type animals

independently of the primary tumor size using different methods

of metastasis detection (Figures 1B, 1C, and S1A). We have also

observed a similar metastatic phenotype in an orthotopic model

of breast cancer, where 4T1 cells were implanted into the

mammary fat pad (Figure S2B). All used methods of blinded

macroscopic counting, clonogenic assays, or histology showed

high consistency in detecting lower metastatic burden in Il22�/�

animals (Figures 1B, 1C, and S1C). This implicates the pivotal

role of IL-22 in the metastatic process.

Next, we forced metastasis through intravenous cancer cell

injection, which bypasses the need for tissue detachment and

invasion (Figure 1D). Intravenous (i.v.) injections of both cell lines

mirrored the phenotype in the subcutaneous model. We could

indeed confirm a lower metastatic load in Il22�/� mice

(Figures 1E and 1F). These results indicate a specific role for

IL-22 in disseminated cells in circulation.

To discern strain-specific effects, we used an E0771 breast

cancer model (Figure 1G).50,51 Intravenous injection of E0771-

GFP cells revealed a diminished metastatic burden in Il22�/�

animals validated by flow cytometry (Figures 1H and S1D).

Similarly, we observed a lower metastatic burden in the liver of

mice when E0771-GFP cells were injected intrasplenically (Fig-

ure S1E). The entire left lung of E0771-GFP-injected mice was

optically cleared following an iDISCOprotocol to quantify metas-

tases with light-sheet microscopy in situ (Figure 1I).52 Here,

Il22�/�mice exhibited a reduced propensity to developmetasta-

ses, whereas the size of the visualized metastases did not differ

and had no specific pattern of their localization (Figure 1J). In

summary, IL-22 acted on disseminated cancer cells, enabling

breast and lung cancer metastases to the lung.

T cells are the relevant source of IL-22 in the metastatic
niche in the lung
We previously identified CD4+ T cells as the main source of IL-22

in primary human lung tumors and bronchoalveolar lavage sam-

ples.12,47,48 To delineate the source of IL-22 in the lungs of our

models, we intravenously injected E0771 cells into Foxp3mRFP

Il17aGFPIl22sgBFP reporter animals and quantified IL-22+ cells us-

ing flow cytometry (Figures 2A and S2A).53 Populations were

defined as CD4+, CD8+ and double-negative (DN) (CD4�,
CD8�) ab T cells (CD3+gdTCR�NK1.1�), gd T cells (CD3+

gdTCR+NK1.1�), and CD3+NK1.1+ and CD3�NK1.1+ cells

(Figures 2B and S2B). We observed an increase in the fraction of

CD4+, CD8+ T cells, and NK1.1+ cells that produced IL-22 in the

lungs of tumor-injected animals (Figures 2C, S2C, and S2D).

Here, CD4+ and CD8+ T cells constituted the majority of IL-22-

producing cells in tumor-bearing mice (Figure 2C). Moreover,

we identified that such CD4+ T cells produced IL-22 but not

IL-17A (Figure 2D). These cells had low CD44 expression, con-

firming their memory phenotype in line with our previous obser-

vations (Figure S2E).48 To further explore these findings across

models, we used intracellular staining to assess the production

of IL-22 in the Line-1 s.c. model, which yielded similar results

except for a diminished fraction of CD8+ T cell IL-22 producers

(Figures S2F–S2I). We could also identify that IL-22+ cells did

not co-express IFNg, which sets apart mouse IL-22 producers

from the Th1 subset (Figure 2G).49 Furthermore, we used

confocal microscopy on precision-cut lung slices from reporter



Figure 1. IL-22-knockout reduces the number of lung metastases but does not affect tumor growth in syngeneic mouse models of lung and

breast carcinoma

(A) Subcutaneous (s.c.) mouse models of 4T1 breast and Line-1 lung metastasis in wild-type (WT) and Il22�/� animals.

(B and C) Subcutaneous tumor growth, macroscopic metastases in the lungs, and colonies in clonogenic metastasis assay of (B) 4T1 (n = 47 and 48 for tumor

growth and metastasis number; n = 27 and 28 for clonogenic assay) (data of six experiments for tumor growth and four independent experiments for metastasis

assay in each cell line were pooled) and (C) Line-1 cells (n = 26 and 25 for tumor growth and metastasis number; n = 12 and 11 for clonogenic assay) (data of four

experiments for tumor growth and two experiments for metastasis assay were pooled).

(D) Intravenous (i.v.) models of lung cancer metastasis.

(E and F) Numbers of macroscopic metastases in the lungs and colonies in metastasis assay of (E) 4T1 (n = 24 and 29) and (F) Line-1 cells (n = 14 and 15). Data

from six experiments for 4T1 and three for Line-1 were pooled. p values are calculated by the mixed-effect two-way analysis for tumor growth and by the Mann-

Whitney U test for the number of metastases and clonogenic assay.

(G) Intravenous model of E0771-GFP breast cancer metastasis.

(H) Number of metastases in the lungs (n = 22 and 23). Representative flow cytometry plots of the lung cells. The numbers are the frequency of the parent gate.

Frequency of E0771-GFP+ cells among live cells (n = 19 and 21). Data from four experiments were pooled. p values are calculated by the Mann-Whitney U test.

(I) Representative reconstructed 3D images of the left lung from E0771-GFP-injected mice cleared using iDISCO protocol and imaged using light-sheet mi-

croscopy. The GFP signal is in green.

(J) Numbers per left lung and the average surface area of metastases (mm2) per mouse (n = 8 and 9). Data from two experiments were pooled. p values are

calculated by Welch’s t test. All data are presented as mean ± SEM; p values <0.05 are considered significant. See also Figure S1.
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animals to interrogate their spatial distribution in the lung of tu-

mor-injected mice. Here, we could identify that such IL-22 and

IL-17A producers localize almost exclusively to the metastatic

foci (Figure 2E). As demonstrated by flow cytometry, we found

no correlation between IL-22 and IL-17A production from the re-

porter cells in the metastatic foci, indicating that IL-22 and IL-17

are indeed produced by two different cellular subsets. We also

confirmed that a large portion of IL-22-producing cells are

CD4+ T cells (Figure 2E).

As these data indicated a predominant role for T cells in IL-22

production, we generated an Il22floxCd4cre mouse with a condi-

tional deletion of Il22 in all mature T cells (Figure 2F). When chal-

lenged with E0771-GFP cells, Il22floxCd4cre mice had a reduced

propensity to develop metastases in the lung, reminiscent of the

phenotype observed in the global Il22�/� animals (Figure 2F).

However, we could also confirm that cre-recombinase under

the control of CD4 promotor completely abolished IL-22 produc-

tion not only in CD4+, but also in CD8+ T cells isolated from the

spleen of Il22floxCd4cre mice, and therefore this model could

not be utilized to pinpoint a specific source of IL-22 (Figure S2J).

To confirm the role of Th cells as the crucial source of IL-22 in our

model, we transferred wild-type and Il22�/� CD4+ T cells into

Rag1�/�II22�/� animals that subsequently received E0771-

GFP cells i.v. (Figure 2G). Here, we could confirm that IL-22 pro-

duction by adoptively transferred CD4+ T cells is sufficient to

promote lungmetastases in our model but abolished when using

CD4+ T cells isolated from II22�/� animals (Figure 2G). Impor-

tantly, differences in metastasis were affected by T cell engraft-

ment upon transfer (Figure S2K). In conclusion, we identified Th

cells as a sufficient source of IL-22 that drives metastases in the

lung of tumor-bearing mice, and we next sought to identify the

relevant target cell.

The expression of IL-22RA1 on tumor cells is
indispensable for the formation of metastasis
IL-22RA1 expression is restricted to non-hematopoietic cells

and serves as a limiting factor for IL-22 signaling. To interrogate

its influence on the metastatic phenotype, we generated a stable

Il22ra1 deletion in 4T1 and Line-1 cells (Figure 3A). In line with our

previous findings, tumor growth of 4T1 Il22ra1� cells was

largely unaffected compared with 4T1 control cells (Figure 3B).
Figure 2. T cells are the primary source of IL-22 in the lung of tumor-b

(A) Intravenous model of E0771 lung metastasis in Foxp3mRFPIl17aGFPIl22sgBFP re

(B) Gating strategy to identify CD4+, CD8+, and double-negative (DN) T cells, gd T

frequency of the parent gate.

(C) Breakdown of CD45+IL-22+ cells by cell type as defined by the mean frequen

(D) IL-17A and IL-22 production by CD4+ T cells (n = 5). Data are presented as m

Welch’s t-test.

(E) Representative 3D render of the z stack confocal images of metastatic foci a

mice injected with E0771 cells i.v. Fifteen fields of view of each type were acquire

with an interval of 1 mm were acquired; displayed grid step is 20 mm. Il17aGFP is d

TO-PRO-3 nuclear staining in red. Correlation between Il17aGFP and Il22sgBFP me

number of reporter cells per field of view in the metastatic foci and normal tissue

graph. Representative data are presented as means ± SEM of one animal of thee

(F) Intravenousmousemodel of E0771-GFP lungmetastasis in Il22floxCd4cremice.

of E0771-GFP cells in the lungs ofWT and Il22floxCd4cre mice (n = 18). Data are pre

<0.05 are considered significant as calculated by the Mann-Whitney U test.

(G) Model of metastasis inRag1�/�Il22�/� that receivedWT or Il22�/�CD4+ T cells

plots, numbers of macroscopic metastases, and frequency of E0771-GFP cells in

p values <0.05 are considered significant as calculated by the Mann-Whitney U
However, mice that were injected with 4T1 Il22ra1� cells s.c.

or i.v. had fewer macroscopic and clonogenic metastases in

the lung compared with control 4T1 cells (Figures 3B and 3C).

To confirm that this effect is not clone dependent, we generated

and analyzed three Line-1 Il22ra1� clones and tested them

against three control clones, which yielded similar results

(Figures 3D and 3E). This confirms that IL-22RA1-expressing

cancer cells are the relevant target of IL-22 in driving lung

metastases.

To rule out the off-target effects of the methodology, we used

IL-22BP to inhibit IL-22 signaling. We established 4T1 and Line-1

cell lines that constitutively secreted IL-22BP (Il22ra2+) (Fig-

ure S3A). When injected s.c., Line-1 Il22ra2+ cells grew compa-

rably with the control at the implantation site, as previously seen

in the Il22ra1� models and the Il22�/� mice, although 4T1

Il22ra2+ cells grew slower (Figure S3B). Here, 4T1 Il22ra2+ cells

had a largely reduced number of metastases when injected

s.c. (Figure S3B and S3C). Despite greater variability, the

Line-1 Il22ra2+ cells did also form fewer metastases when in-

jected s.c. or i.v. (Figure S3D and S3E). Thus, IL-22 neutralization

through IL-22BP largely mimicked the phenotype observed with

Il22ra1� cells and Il22�/� mice, corroborating the relevance of

the cytokine for the metastatic process.

IL-22 controls the outgrowth of tumor cells during the
early stage of metastatic engraftment
To determine the role of IL-22 signaling during the dissemination

process, we analyzed the kinetics of metastatic seeding in our

models. For this, we injected 4T1-GFP cells i.v. and analyzed

lungs at 12 and 48 h after injection (Figure S4A). We used

confocal microscopy to quantify the numbers of GFP+ colonies

(defined as cell clusters of >100 mm) and individual cells per

mm2 of lung tissue (Figure S4B). We could not detect differences

at 12 h after injection, indicating that the seeding might not be

majorly affected by IL-22 (Figures S4C and S4D). However, at

the 48-h time point, the numbers of GFP+ cells and colonies

decreased in the lung of Il22�/� mice (Figures S4C and S4D).

This suggested a role for IL-22 in driving early metastasis in

the lungs.

To assess the rate of proliferation, we co-injected mice with

5-ethynyl-20-deoxyuridine (EdU) 4 h before investigation at 12,
earing mice

porter mice.

cells, CD3+NK1.1+, and CD3�NK1.1+ cells in the lungs. Numbers represent the

cy of reported experiments.

ean ± SEM, and the representative experiment of two is shown. p values by

nd normal tissue of precision-cut lung slices from Foxp3mRFPIl17aGFPIl22sgBFP

d per mouse from 3 individual mice. The field of view is 1603 160 mm; 20 slices

epicted in green, Il22sgBFP in blue, CD4 PerCP-Cy5.5 staining in magenta, and

dian fluorescence intensity (MFI) in the reporter cells in the metastatic foci. The

. Normalized CD4 PerCP-Cy5.5 MFI in Il22sgBFP+ cells gated from the previous

. p values <0.05 are considered significant as calculated by the unpaired t-test.

Representative dot plots, numbers ofmacroscopicmetastases, and frequency

sented asmeans ± SEM; three independent experiments were pooled. p values

i.p. (23 106 per mouse) 28 days before i.v. tumor injection. Representative dot

the lungs (n = 5 and 4). Data are presented asmeans ± SEM of one experiment.

test. See also Figure S2.
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Figure 3. IL-22RA1 expression on tumor cells is indispensable for metastasis formation

(A) Subcutaneous and intravenous models of 4T1 Il22ra1� lung metastasis.

(B) Tumor size, number of metastases, and clonogenic colonies in s.c. model per animal (n = 20 and 21). Data from three independent experiments for tumor size

and metastasis count and two for metastasis assay were pooled.

(C) Number of metastases and clonogenic colonies in i.v. model (n = 14). Data from three independent experiments were pooled.

(D) Intravenous model of Line-1 Il22ra1� lung metastasis.

(E) Number of metastases and colonies of the Line-1 control (#1, #2, #3) or Il22ra1� (#4, #5, #6) clones (n = 6 per clone). Data from two independent experiments

were pooled and are presented as means ± SEM; p values <0.05 were considered significant by mixed-effect two-way analysis for tumor growth and by the

Mann-Whitney U test for the number of metastases and colonies. See also Figures S3 and S4.
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24, 48 h, and 7 days after tumor injection (Figure S4E). Similar to

microscopic counting, we did not detect differences in

the numbers of GFP+ cells earlier than 48 h after injection

(Figures S4F–S4G). In contrast, we could detect differences in

EdU incorporation, which indicates a higher fraction of dividing

cells only by day 7 after injection (Figure S4G). Thus, we reason

that differences in lung tumor burden affected by IL-22 observed

as early as 48 h are mediated by a mechanism independent of

proliferation.

IL-22 regulates the expression of CD155 on tumor cells
and thereby promotes metastasis
Based on our findings that IL-22 acts on IL-22ra1+ cancer cells

to promote metastasis, we performed bulk RNA sequencing of

4T1 cells treated with IL-22 to further delineate the underlying

mechanism (GEO: GSE202314) (Figure 4A). We discovered

147 genes that were differentially regulated. Of these, the

expression of 133 genes was increased, and 14 decreased

upon IL-22 treatment (Figures 4B and S5A). We validated Pvr

(poliovirus receptor, Pvr) as one of the most significantly

increased targets using qPCR (Figure S5B). This is notable
148 Immunity 56, 143–161, January 10, 2023
because CD155, the product of Pvr, is overexpressed in

various cancers and possesses tumor-promoting properties,

including metastasis.54–56 To confirm our findings, we evalu-

ated the expression of CD155 in IL-22-stimulated 4T1, Line-1,

and E0771 cells by flow cytometry (Figure 4C). We detected

an increase in the expression of CD155 in all cell lines over

72 h (Figures 4D and 4E), but this effect was absent in cells

lacking IL-22RA1 (Figure S5C). Next, we evaluated the impact

of IL-22 on CD155 expression in E0771-GFP cells from the

lungs of tumor-bearing mice (Figure 4F). Here, we could

confirm that cells implanted into Il22�/� mice had a lower

expression of CD155, which correlated with a smaller fraction

of E0771-GFP cells detected by flow cytometry (Figures 4G

and 4H).

To verify the role of CD155 in metastasis, we established

Pvr� Line-1 and 4T1 cell lines (Figures 4I, S5D, and S5G).

While this had little effect on their capacity to grow subcutane-

ously (Figures S5E and S5F), it abolished the ability to form

metastases in the lung (Figures 4J and S5H). We could

reverse this process by constitutive CD155 expression in

Pvr� cells independently of IL-22-induced regulation (Pvr+).



Figure 4. IL-22 signaling increases the expression of CD155 on the surface of tumor cells and confers resistance to metastasis control

(A) 4T1 cells were stimulated with IL-22 (100 ng/mL) for 24 h in vitro before bulk mRNA sequencing.

(B) The volcano plot depicts the fold change and adjusted p values of differentially regulated genes. One hundred forty-seven genes were discovered as defined

by an adjusted p value threshold of 0.05 and Log2 fold change of ±1.

(C) CD155 expression in 4T1, Line-1, and E0771 cells after stimulation with rmIL-22 (100 ng/mL) for 72 h in vitro.

(D) Representative histograms of CD155 expression at 24, 48, and 72 h.

(legend continued on next page)
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In this setting, we could induce metastases in the lungs of

Il22�/� mice, highlighting the link between these two mole-

cules and their role as mediators of the metastatic process

(Figures 4K and S5I).

CD155 on tumor cells is associated with decreased
expression of CD226 on NK cells and reduced IFNg
production
CD155 plays an intrinsic role in proliferation and adhesion in can-

cer cells,54–57 among others. We did not detect deficiencies in

the proliferation of Line-1 Pvr� cells in vitro (data not shown).

Importantly, CD155 has a cell-extrinsic pro-metastatic role by

binding to the immunomodulatory receptors CD96, CD226, or

TIGIT on the surface of NK and T cells.54–56,58,59 To pinpoint

the binding partners of CD155, we analyzed anti-tumor re-

sponses in the lungs of mice containing 4T1-luciferase+ cells

(4T1-Luc) (Figure 5A).We confirmed using an in vivo imaging sys-

tem (IVIS) that wild-type and Il22�/� mice had similar seeding of

tumor cells by day 5 after injection, and the differences in tumor

burden increased over the course of two weeks (Figures 5B and

5C). Indeed, the defect of IFNg production by NK cells, but not

other cell types, showcased the loss of humoral effector mecha-

nisms (Figures 5D, 5E, and S6A) and correlatedwith higher tumor

burden (Figure S6B). This effect was consistently found in the

Line-1 s.c. model (Figures S6C–S6E). Scrutinized by chip cytom-

etry,60 samples from 4T1-lung metastasis-bearing mice demon-

strated increased expression of CD155 in the metastatic foci in

WT but not in Il22�/� animals (Figures 5F and S6F). We found

higher infiltration of NK cells into the metastatic foci of Il22�/�

but not WT animals, suggesting higher activation and confirming

the dependency on NK cells as anti-tumor effector cells

(Figure 5F).

CD226, but not TIGIT or CD96, was differentially expressed by

NK cells and, to a lesser extent, by CD8+ T cells in the lungs of

wild-type and Il22�/� animals (Figures 5G and S6G–S6H).

CD226 is a co-receptor essential for the activation of effector

functions of NK and CD8 T cells. Therefore, we set out to explore

its pathophysiological relevance in our model.61–64

Blockade of CD226 abrogates the anti-metastatic
phenotype of IL-22-deficient animals
Excessive CD155-mediated signaling present in the tumor

microenvironment can induce internalization and degradation

of CD226 in effector cells.61,63 To delineate the role of excessive

CD155 expression on CD226 and subsequent anti-tumor

response, we injected 4T1 control and Pvr+ cells i.v. in Il22�/�

mice, and two groups also received anti-CD226 blocking anti-

body (480.1) (Figure 6A). Both Pvr+ cells and CD226 blockade

could similarly promote lung metastasis in Il22�/� mice, and
(E) MFI of CD155-PE signal normalized to control (n = 3). Data are presented as me

mixed model two-way analysis.

(F) Intravenous model of E0771-GFP lung metastases in WT and Il22�/� mice.

(G) Numbers ofmetastases in the lungs, representative plots, and frequency of E07

(H) Representative histogram and MFI of CD155 staining of GFP + tumor cells. L

cells. Data from one experiment. p values are calculated by the Mann-Whitney U

(I) Intravenous models of Line-1 Pvr� and Pvr+ metastasis in WT and Il22�/�mice

(J and K) Numbers of metastases and colonies inmetastasis assay of (J) Line-1Pv

experiments for Pvr+ were pooled and are presented as means ± SEM; p valu

Figure S5.
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these effects did not synergize (Figure 6B). Similar to our previ-

ous observations in wild-type animals, this was sufficient to

inhibit IFNg production by NK cells (Figure 6C). Finally, we

detected a decrease in CD226 expression on NK cells in Pvr+-in-

jected mice compared with control cells. This correlated with

decreased capacity of these NK cells to produce IFNg (Fig-

ure 6D). Furthermore, we interrogated the potential of agonistic

TIGIT antibody (IG9) to inhibit NK cell activation in Il22�/� animals

and of CD96 blockade (3.3) to prevent the inhibition of NK cell

function (Figure 6E). Neither TIGIT agonist nor CD96 antagonist

altered the number of metastases when compared with Il22�/�

animals that received control or Pvr+ 4T1 cells, respectively (Fig-

ure 6F). When activated, TIGIT could inhibit IFNg production

from CD8+ T but not NK cells (Figure 6G). Thus, an IL-22-

CD155 axis triggers decreased expression of CD226 in NK cells

and renders them inert in the tumor microenvironment.

CD155 expression complements the IL-22 gene
signature in breast and lung cancer patients
Finally, we assessed the clinical relevance of CD155 in the

context of the IL-22-IL-22RA1 axis. CD155 expression alone is

associated with unfavorable prognosis in a variety of cancer en-

tities.54 We analyzed RNA sequencing data from the cancer

genome atlas (TCGA) lung adenocarcinoma (TCGA: LUAD, n =

504) andHER2-positive patient samples from the invasive breast

carcinoma (TCGA: BRCA, n = 110) datasets. We focused on key

IL-22-related genes: IL22RA1, IL22RA2, IL10RB, and PVR. To

stratify patient cohorts, we utilized agglomerative clustering, an

unsupervised clusteringmethod, resulting in threemajor clusters

(Figures 7A and 7B). This revealed distinctive gene expression

patterns: cluster 0 (IL22RA1hi, IL22RA2lo, IL10RBmed, PVRhi),

cluster 1 (IL22RA1lo, IL22RA2hi, IL10RBhi, PVRlo), and cluster 2

(IL22RA1lo, IL22RA2lo, IL10RBlo, PVRmed) (Figure 7C). These

clusters were evenly distributed in these two cohorts (Figure 7D).

Patients in cluster 0 and LUAD dataset cluster 2 had worse sur-

vival than patients in cluster 1 (Figure 7E). Survival of clusters 1

and 2 did not differ in both cohorts (Figure 7E). Further, we calcu-

lated restricted mean survival times (RMST) for clusters 0 and 1

to quantify the difference in expected survival time until five years

of follow-up, resulting in �361.18 days for LUAD and

�93.23 days for BRCA (Figure 7F). Clusters 0 and 1 had

differences in the frequency of pathologic disease stages

within them in the LUAD but not in the BRCA cohort (Fig-

ure 7G). Importantly, such survival differences between clusters

(IL22RA1hiPVRhi) and 1 (IL22RA1loPVRlo) mainly stem from pa-

tients diagnosed at the early (I and II), but not at advanced,

stages of the disease (III and IV) (Figure S7A). To assess the

impact of each gene on survival, we utilized Cox’s proportional

hazards model. Both IL22RA1 (hazard ratio [HR] = 1.23) and
ans ± SEM, and p values <0.05 are considered significant as calculated by the

71-GFP+ cells (n = 6 and 10). The numbers are the frequency of the parent gate.

inear regression analysis of CD155 MFI and frequency of E0771-GFP + tumor

test.

.

r� and (K) Pvr+ cells. Data from three independent experiments for Pvr� and two

es <0.05 were considered significant by the Mann-Whitney U test. See also



Figure 5. CD226 expression is higher on NK cells in Il22–/– mice

(A) Intravenous model of 4T1-luciferase+ (4T1-Luc) metastasis.

(B) Representative IVIS images and average radiance from one experiment of two (n = 5).

(legend continued on next page)
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PVR (HR = 1.28) impact survival, whereas IL22RA2 and IL10RB

did not change the hazard in the LUAD cohort (Figure S7B).

Moreover, onlyCD226 (p = 0.06), but not TIGIT orCD96, trended

to influence the survival, in line with our findings in preclinical

models (Figure S7B).

We used the CIBERSORTx deconvolution algorithm on the

LUAD cohort to assess whether gene expression patterns of

our clusters have an impact on immune cell infiltration in pa-

tients.65 Interestingly, there is an increase in CIBERSORTx units

for activated NK cells in cluster 1 when compared with clusters

0 and 2 in LUAD patients, whereas there were no differences in

resting NK cells or activated CD4+ memory T cells (Figure S7C)

with a similar trend in the BRCA cohort (Figure S7D).

Together, these results from clinical cohorts demonstrate the

relevance of a regulatory link between T cell-derived IL-22

and CD155.

DISCUSSION

In this study, we discovered a mechanism by which T cells pro-

duce IL-22 to promote lung metastasis in mouse models of lung

and breast cancer. Mechanistically, T cells at the metastatic foci

in the lung, predominantly CD4+, produce IL-22 that signals

directly through its receptor expressed in cancer cells, promot-

ing expression of the pro-metastatic molecule CD155.54-56,58,59

Despite the well-studied pan-cancer expression of CD155 and

its intrinsic and extrinsic roles in cancer progression,54 the

pathway responsible for CD155 regulation in malignant cells re-

mains elusive.66–68 We demonstrated that IL-22 increased

CD155 expression in lung and breast cancer cell lines in vitro

and in vivo, whereas its constitutive expression enabled metas-

tases in Il22�/� mice, compared with control and deficient cells.

Increased expression of CD155 in the tumor lung microenviron-

ment led to a reduction of co-stimulatory molecule CD226 on NK

cells, diminishing their localization to metastases and IFNg

production, which correlated with higher tumor burden.

In our previous studies, we detected an accumulation of IL-22-

producing T cells in non-small-cell lung carcinoma (NSCLC) pa-

tient tumor samples.12,48 We have demonstrated that cancer

cells trigger NLRP3-dependent secretion of IL-1b that induces

such IL-22 production mainly from Th cells.18 Worth noting is

that, in humans, due to the differences in the Th cell cytokine pro-

files, IL-22 is also induced in Th1 cells. It is conceivable that this

might impair the anti-tumor immune response. Importantly, such

Th1 variants might partially explain cancer hyperprogression

upon T cell activation following checkpoint blockade.69

In line with our previous observations, we confirmed the

accumulation of IL-22-producing CD4+ and CD8+ T cells, but
(C) Ex vivo imaging of the lung by IVIS. Linear regression analysis of clonogenic

(D) Representative dot plots and gating strategy of IFNg-producing cells in the lu

cells in the lung and composition by cell type including CD8+ and CD4+ T cells, N

(E) Representative dot plots and frequency of IFNg+ NK cells (n = 9 and 10). Dat

(F) Representative fluorescent microscopy images of lungs from 4T1-injected m

green, and Hoechst DNA staining in blue. Intralesional CD155 PEMFI per lesion in

(green), and CD155+ (gray) cells in the microscopy samples. Frequency of CD8 an

SEM; p values <0.05 were considered significant by paired t test of one chip of 2

(G) Gating strategy and representative plots of CD226 staining on CD8+ T, CD4+ T,

lungs (n = 6). Data of one experiment of two. Data presented as means ± SEM; p v

unpaired t tests with Holm-Sidak correction. See also Figure S6.
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also NK1.1+ cells, in the metastatic niche in the lung of tumor-

injected animals. It is important to note that we observed

strain-specific differences in the accumulation of such IL-22-

producing CD8+ T cells across our models. However, abolish-

ing the IL-22 production in total mature T cells was sufficient

to recapitulate the effect we observed in IL-22-deficient ani-

mals.70 Also, the adoptive transfer of CD4+ T cells into

Rag�/�II22�/� mice was sufficient to induce lung metastases,

pinpointing the paramount role of Th cells as a source of IL-

22. Conversely, our previous findings suggest that despite an

accumulation of CD8+ T cells in tumor samples, their contribu-

tion to the IL-22 pool is minor.48 In any case, the characteriza-

tion of such CD8+ IL-22-producing T cells is essential to

carefully evaluate their pro- or anti-tumor properties as new

data on this subpopulation emerges.71,72 Also, the primary

role of NK and NKT cells in tumor control outweighs their poten-

tial contribution to metastasis formation through IL-22, which is

discerned in a Rag�/�II22�/� adoptive transfer experiment us-

ing animals devoid of mature T cells but having functional NK

cells.37 This hypothesis is further supported by our findings in

the metastatic foci where NK cells were found more abundantly

than cytotoxic T cells, highlighting NK cells as essential players

in tumor control in the absence of IL-22.

It is important to note that we focused on IL-22 producers at

metastatic foci in the lung but do not consider their origin, clon-

ality, or their distribution in blood or lymphoid organs. Moreover,

various sources of IL-22 promote tumor progression in a

context-dependent manner mediated by the pleiotropic action

of this cytokine. Along these lines, similar IL-22-producing cells

in various compartments (lung vs. spleen vs. lymph node) could

differentially affect pro-tumoral phenotypes or have no function

depending on the context, which will need to be investigated

further.

Cancer studies repeatedly report that IL-22 affects the devel-

opment and growth of primary tumors and, eventually,

neoplastic progression.26,73–76 This notion is mainly justified by

the ability to promote migration, invasion, and stemness of can-

cer cells in vitro and thus promote metastasis formation.76,77

Importantly, ablation of IL-22 can alleviate the immunosuppres-

sive microenvironment in a Kras-mutant model of lung carci-

noma.14 In the current study, we demonstrated that the

increased metastatic burden was a direct effect of IL-22 on

disseminated IL-22RA1+ tumor cells, which resulted in increased

colony outgrowth. Importantly, our data do not formally rule out

an impact on non-tumor cells. As such, the influence of IL-22 on

tumor cell dissemination through the intrinsic action of endoge-

nously expressed IL-22R is extensively highlighted by Giannou

et al.78
colonies vs. average radiance.

ngs. Numbers represent the frequency of the parent gate. Frequency of IFNg+

KT cells, and NK cells.

a from two independent experiments were pooled.

ice. NKp46 FITC signal is depicted in red, CD8 AF555 in yellow, CD155 PE in

WT and Il22�/�mice. Chip cytometry spatial distribution of NKp46+ (red), CD8+

d NKp46 cells per lesion from the previous graph. Data presented as means ±

for each condition (n = 3 and 4).

NKT, and NK cells. Isotype control is in black. Frequency of CD226+ cells in the

alues <0.05 were considered significant by the Mann-Whitney U test or multiple



Figure 6. CD226 signaling is indispensable for IFNg production from NK cells

(A) Intravenous mouse model of 4T1 control or Pvr+ metastasis in Il22�/� mice. Animals received injections of anti-CD226 blocking antibody (420.1, 200 mg per

mouse) or control i.p. on days 0, 3, and 14.

(legend continued on next page)
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We demonstrated that Pvr is one of the genes with increased

expression on cancer cells upon IL-22 treatment. In this context,

CD155-deficient cells formed few metastases, both in wild-

type and Il22�/� mice, and, importantly, the reintroduction of

CD155 allowed us to reconstitute the metastatic phenotype. The

intrinsic role of CD155 in cancer cells has been well studied and

is known to affect seeding, tumor cell proliferation, and migra-

tion.56,57 However, Pvr� cells did not display inhibited proliferation

or migration in our hands, and the seeding of tumor cells was un-

affected in Il22�/� mice. Initially identified on antigen-presenting

cells, CD155 serves as an extrinsic promotor of tumor progression

that suppressesNK and T cell function by binding toCD96 and TI-

GIT on their surface and induces internalization and downregula-

tionofCD226.56,61–64,79–85Due to its immunosuppressive function,

CD155 in cancer and host cells exerts pro-metastatic properties

and isproposedasa target for checkpoint inhibitionblockade.61,86

NK cells receive a co-stimulatory signal from antigen-presenting

cells via CD226.87 However, excessive stimulation of CD226 in

the tumor microenvironment leads to internalization and degrada-

tion.63 This is typically counteracted by CD96 and TIGIT, which

bind CD155 with a higher affinity.58 Interestingly, 4T1 cells are

known to induce CD226 downregulation in tumor-infiltrating lym-

phocytes and suppress IFNg production.88 Here, we demon-

strated that IL-22 deficiency preserved CD226 expression on NK

and CD8+ T cells. However, only NK cells had dramatically higher

IFNg production capabilities and inversely correlated with meta-

static burden. Interestingly, activation of TIGIT signaling in our

study inhibited IFNg production from CD8+ T, but not NK, cells

andwas not sufficient to increase themetastatic burden. Similarly,

another receptor for CD155, CD96, was neither differentially regu-

lated in Il22�/� mice nor did inhibition thereof prevent metastasis,

indicating that CD155 does not suppress NK cells via CD96 in our

model. This highlights cell type-specific regulation of anti-tumor

responses by CD155 and its various binding partners.

The impact of CD155 on the prognosis and its role in the

pathogenesis of lung, breast, colon, and other types of cancer

is established.79–85 There is vast evidence on the prognostic

relevance of IL-22 and its related genes in various cancer en-

tities.10,21,27,75,89–91 However, some studies report no influence

of IL-22 expression on survival.12 While these discrepancies

might be due to the heterogeneity in patient populations, sam-

pling, and reporting issues, many of these studies focus on a sin-

gle gene related to IL-22 signaling. Here, we utilized agglomera-

tive clustering to discern expression patterns of IL22RA1,

IL22RA2, IL10RB, and PVR in LUAD and BRCA cohorts in

TCGA and affiliate themwith the clinical data. Here, we identified

three patterns of expression of these genes: pattern 0 (IL22RA1hi,

IL22RA2lo, PVRhi), pattern 1 (IL22RA1lo, IL22RA2hi, PVRlo), and

pattern 2 (IL22RA1lo, IL22RA2lo, PVRmed). We identified that
(B) Numbers of macroscopic lung metastases and colonies in metastasis assay.

(C) IFNg-producing NK cells in the lungs evaluated by flow cytometry. Data presen

Whitney U test.

(D) Representative dot plots depict CD226 low,medium, and high NK cells. Freque

frequency of the parent gate. Data presented as means ± SEM; p values <0.05 w

(E) Intravenous mouse model of 4T1 control or Pvr+ lung metastasis in Il22�/� mic

mouse), anti-CD96 blocking antibody (3.3, 250 mg per mouse), or control i.p. on

(F) Numbers of macroscopic lung metastases.

(G) IFNg-producing NK and CD8+ T cells in the lungs were evaluated by flow cyto

means ± SEM; p values <0.05 were considered significant by unpaired t- test (n
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high expression of the IL22RA1 coincided with a high expression

of PVR, which also translated into poor overall survival out-

comes, particularly in patients diagnosed with early (I and II),

but not advanced (III and IV), pathological stages, highlighting

the stage-specific role of this mechanism. Conversely, high

expression of IL22RA2, also known as IL-22BP, was correlated

with lower PVR expression and better survival.18,34 The

third pattern corresponded to all-low expression and repre-

sented immunologically cold tumors.92 Along these lines,

CIBERSORTx deconvolution indicated that cluster 1 character-

ized by high IL22RA2 expression features a gene signature for

activated, but not resting, NK cells comparedwith other clusters.

CD226 expression is demonstrated to stratify patients

for outcome in several NSCLC clinical trials.93 However, due to

the dual way of pre- and post-translational regulation of

CD226, expression is not always reflected in mRNA sequencing

data.94 Hence, studies that focus on the post-translational regu-

lation of CD226 evaluate its expression in clinical samples using

antibody staining.63 Nevertheless, when interrogating the TCGA

dataset concerning the relationship of CD155 binding partners to

survival, only CD226 trended toward bettering prognosis (log

(HR) = �0.24, p = 0.06), whereas TIGIT and CD96 demonstrated

no correlation with survival.

Importantly, tumor cells engineered to secrete IL-22BP

formed fewer metastases, highlighting the potential of the IL-

22 pathway for targeted therapeutic intervention. This could

counteract tumor CD155 overexpression, as direct targeting of

which remains challenging due to a complex network of co-re-

ceptors. Of further note, the long-term effects of IL-22 neutraliza-

tion on metastasis are unknown but could have a direct impact

on the therapeutic consideration of T cells or provide the ratio-

nale for IL-22 neutralization using antibodies with a beneficial

safety profile, such as Fezakinumab (trial NCT01941537) or engi-

neered IL-22 with structure-based design.39,95

In summary, we identified IL-22-induced CD155 overexpres-

sion on the tumor cells as a mechanism that benefits metastatic

outgrowth. This essential role in prognosis stressed the potential

of IL-22asa therapeutic target in cancer. So far, theneutralization

of IL-22 is proposedmainly as a strategy to treat autoimmunedis-

eases.31,49 Our data on IL-22BP as a neutralizer of IL-22, which

phenocopied the global IL-22 deficiency, underpinned the thera-

peutic potential for targeting the IL-22-IL-22R1 axis and should

be further explored in preclinical and clinical studies.

LIMITATIONS OF THE STUDY

Despite the potential relevance of the IL-22 pathway for patients’

outcomes, the analysis is based on primary tumor data and

thus might miss divergent impacts at later stages. Along these
ted asmeans ± SEM; p values <0.05 were considered significant by theMann-

ncy of IFNg+ cells among NK cell populations (n = 5–6). Numbers represent the

ere considered significant by the two-way ANOVA.

e. Animals received injections of anti-TIGIT agonist antibody (1G9, 250 mg per

days 0, 3, and 14.

metry. Numbers represent the frequency of the parent gate. Data presented as

= 5–6).



(legend on next page)

ll
OPEN ACCESSArticle

Immunity 56, 143–161, January 10, 2023 155



ll
OPEN ACCESS Article
lines, findings will need to be evaluated additionally in human

metastasis. Also, we present a study on IL-22-mediated immu-

nosuppression in the lung but could also demonstrate a similar

effect in a forced model of liver metastasis. In contrast, as sug-

gested by Giannou et al.,78 there are organ-specific variations

in the source and dominant mechanism of IL-22-inducedmetas-

tasis, which must be considered. Lastly, we could detect strain-

specific differences in IL-22 production from CD8+ T cells in our

models. This, and the ability of Th1 cells to serve as the source of

IL-22 in human, may suggest varying outcomes and must be

considered when translating these findings to patients.
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was supported by Else Kröner Memorial Stipendium and the Jung Foundation

for Science and Research (Ernst Jung Career Development Award 2022).

AUTHOR CONTRIBUTIONS

Conceptualization, D.B., J.S.-G., C.V., A.M., J.J., M. Sch€ubel, J.D., F.M., P.M.,

A.G., N.T., A.D.G., T.B., J.L., L.M.K., B.L.C., H.-J.A., S.R., S.H., D.C.-W., C.T.,

M.S.S., R.A.F., S.E., S.K.; methodology, N.T., L.M.K., S.R., D.C.-W., C.T.,

M.S.S., B.L.C., O.M., M.H.; investigation, D.B., J.S.-G., C.V., A.M., J.J., M.

Sch€ubel, J.D., F.M., P.M., A.G., N.T., A.D.G., J.L., T.Z., A.O., M. Schwerdt-

feger, P.J.M., R.G., M. Seifert, M.H., O.M., B.L.C., L.M.K., D.A.-S., and S.M.;

writing and visualization, D.B., J.J., J.S.-G., M. Schwerdtfeger, N.T., J.L.,

L.M.K., D.A.-S., B.L.C., H.-J.A., S.R., and S.K.; funding acquisition, L.M.K.,

S.R., S.H., S.K., and S.E.; resources, L.M.K., S.R., S.H., R.A.F., S.E., and

S.K.; supervision, S.E. and S.K.

DECLARATION OF INTERESTS

S.K. has received honoraria from TCR2 Inc., Novartis, BMS, andGSK. S.K. and

S.E. are inventors of several patents in the field of immuno-oncology. S.K. and

S.E. received license fees from TCR2 Inc. and Carina Biotech. S.K. and S.E.

received research support from TCR2 Inc., Tabby Therapeutics, Plectonic

GmBH, and Arcus Bioscience for work unrelated to the manuscript.

Received: August 20, 2022

Revised: September 28, 2022

Accepted: December 13, 2022

Published: January 10, 2023

REFERENCES

1. Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the

next generation. Cell 144, 646–674. https://doi.org/10.1016/j.cell.2011.

02.013.
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Jacob, J.M., Cheng, H.W., Evren, E., Das, S., Czarnewski, P., et al.

(2018). Oxysterol sensing through the receptor GPR183 promotes the

lymphoid-tissue-inducing function of innate lymphoid cells and colonic

inflammation. Immunity 48, 120–132.e8. https://doi.org/10.1016/j.im-

muni.2017.11.020.

126. Hoffmann, F.M., Berger, J.L., Lingel, I., Laumonnier, Y., Lewkowich, I.P.,

Schmudde, I., and König, P. (2018). Distribution and interaction of murine

pulmonary phagocytes in the naive and allergic lung. Front. Immunol. 9,

1046. https://doi.org/10.3389/fimmu.2018.01046.

127. Gan, Y., Li, N., Zou, G., Xin, Y., and Guan, J. (2018). Identification of can-

cer subtypes from single-cell RNA-seq data using a consensus clustering

method. BMC Med. Genomics 11, 117. https://doi.org/10.1186/s12920-

018-0433-z.

128. Chen, B., Khodadoust, M.S., Liu, C.L., Newman, A.M., and Alizadeh, A.A.

(2018). Profiling tumor infiltrating immune cells with CIBERSORT.

Methods Mol. Biol. 1711, 243–259. https://doi.org/10.1007/978-1-

4939-7493-1_12.
Immunity 56, 143–161, January 10, 2023 161

https://doi.org/10.1093/bioinformatics/btp184
https://doi.org/10.1038/ncomms14836
https://doi.org/10.1038/ncomms14836
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref115
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref115
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref115
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref115
https://doi.org/10.1038/nbt.1644
https://doi.org/10.1038/nbt.1644
https://doi.org/10.1038/nature10228
https://doi.org/10.1073/pnas.0501701102
https://doi.org/10.15252/emmm.201606978
https://doi.org/10.3791/51677
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref121
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref121
http://refhub.elsevier.com/S1074-7613(22)00646-X/sref121
https://doi.org/10.1038/nprot.2007.132
https://doi.org/10.1038/nprot.2007.132
https://doi.org/10.1016/j.immuni.2017.11.020
https://doi.org/10.1016/j.immuni.2017.11.020
https://doi.org/10.3389/fimmu.2018.01046
https://doi.org/10.1186/s12920-018-0433-z
https://doi.org/10.1186/s12920-018-0433-z
https://doi.org/10.1007/978-1-4939-7493-1_12
https://doi.org/10.1007/978-1-4939-7493-1_12


ll
OPEN ACCESS Article
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse TruStain fcX (CD16/32) Biolegend Cat# 101320; RRID:AB_1574975

Anti-mouse CD45 (30-F11) BV510 Biolegend Cat# 103137; RRID:AB_2561392

Anti-mouse CD45 (I3/2.3) AF700 Biolegend Cat# 147716; RRID:AB_2750449

Anti-mouse CD3e(145-2C11) BV605 Biolegend Cat# 100302; RRID:AB_312667

Anti-mouse CD3e (17A2) BV650 Biolegend Cat# 100229; RRID:AB_11204249

Anti-mouse CD3e (17A2) Pacific Blue Biolegend Cat# 100213; RRID:AB_493644

Anti-mouse CD3e (17A2) AF700 Biolegend Cat# 100216; RRID:AB_493697
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Anti-mouse NK-1.1 (PK136) PE-Cy7 Biolegend Cat# 108714; RRID:AB_389364
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Anti-mouse CD226 (TX42.1) BV711 Biolegend Cat# 133609; RRID:AB_2715922

Anti-mouse TIGIT (1G9) APC Biolegend Cat# 142105; RRID:AB_10960139

Anti-mouse CD96 (3.3) PE Biolegend Cat# 131705; RRID:AB_1279389

Anti-mouse/human CD44 (IM7) Alexa Fluor 700 Biolegend Cat# 103026; RRID:AB_493713

Anti-mouse IL-22 (IL-22JOP) APC eBioscience (ThermoFisher) Cat# 17-7222-82; RRID:AB_10597583

Anti-mouse IFN-g (XMG1.2) PE-Cy7 eBioscience (ThermoFisher) Cat# 25-7311-82; RRID:AB_469680
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Donkey Anti-Goat IgG (H + L)

Jackson ImmunoResearch Cat# 705-095-003; RRID:AB_2340400
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InVivoMAb anti-mouse TIGIT (1G9) BioXCell Cat# BE0274; RRID:AB_2687797

InVivoMAb anti-mouse CD96 (3.3) BioXCell Cat# BE0337; RRID: AB_2894757

InVivoMAb rat IgG1 isotype control BioXcell Cat# BE0088; RRID:AB_1107775

Bacterial and virus strains

5-alpha Competent E. coli (DH5a) NEB Cat# C2987U
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Chemicals, peptides, and recombinant proteins

2-hydroxyethyl agarose (Agarose VII) Sigma-Aldrich Cat# A0701-100G

Biozym Sieve GeneticPure Agarose Biozym Cat# 850080

6-Thioguanine nucleotide Sigma-Aldrich Cat# A4882-500MG

Crystal violet dust Sigma-Aldrich Cat# C0775-100G

BD Pharm lyse buffer (10x) BD Biosciences Cat# 555899

Colagenase type I Sigma-Aldrich Cat# C0130-500MG

CountBright Plus Absolute Counting Beads ThermoFischer Cat# C36995

Percoll GE Healthcare (Cytiva) Cat# 17-0891-01

GolgiPlug (Brefeldin A) BD Biosciences Cat# 555029

GolgiStop (Monensin) BD Biosciences Cat# 554724

Ionomycin calcium salt Sigma-Aldrich Cat# I0634-5MG

PMA (phorbol 12-myristate 13-acetate) Sigma-Aldrich Cat# P1585-10MG

Red Blood Cell Lysis Buffer Sigma-Aldrich Cat# 11814389001

Dibenzyl ether Sigma-Aldrich Cat# 108014

DNase I Sigma-Aldrich Cat# 10104159001

EcoRI NEB Cat# R0101S

Xhoa-I NEB Cat# R0146L

Lipofectamine 2000 transfection reagent ThermoFischer Cat# 11668030

Polybrene Sigma-Aldrich Cat# TR-1003-G

G418, Geneticin Sigma-Aldrich Cat# 4727878001

NTB (nitroblue tetrazolium chloride) ThermoFisher Cat# N6495

Recombinant IL-22 (murine) PeproTech Cat# 210-22

D-Luciferin potassium salt Perkin Elmer, USA Cat# 122799

Hoechst 33,342 ThermoFisher Cat# H1399

Fixable Viability Dye, eFluor� 780 ThermoFisher Cat# 65-0865-14

Pacific Orange� Succinimidyl Ester,

Triethylammonium Salt

ThermoFisher Cat# P30253

NucRed Live 647 ReadyProbes Reagent ThermoFisher Cat# R37106

Pro-Long Glass Antifade Mountant ThermoFisher Cat# P36984

Pro-Long Live Antifade Reagent ThermoFisher Cat# P369745

Normal Donkey Serum, IgG Biozol SBA-0030-01

Normal Rabbit Serum, IgG Biozol SBA-0040-01

Triton� X-100 Merck Cat# 9036-19-5

Xylene Carl Roth Cat# CN80.1

Ethanol Carl Roth Cat# 5054.1

Antigen Retrieval Buffer (100X

Tris-EDTA Buffer, pH 9.0)

abcam Cat# ab93684

Zellkraftwerk Wash Buffer Canopy Biosciences Cat# 28050606/07-004

Zellkraftwerk Storage Buffer Canopy Biosciences Cat# 28050606/07-005

Critical commercial assays

Click-iT EdU flow Cytometry

Assay kit (Alexa Fluor 647)

Invitrogen, Cat# C10424

IC Fixation/Permeabilzation Kit eBioscience, Cat# 88-8824-00

QuickExtractTM DNA Extraction Solution Lucigen Cat# QE0905T

GeneJet Gel Extraction Kit ThermoFisher Cat# K0692

GeneJet plasmid mini prep kit ThermoFischer Cat# K0503

Q5 High-Fidelity PCR Kit New England Biolabs Cat# M0491L

Mix2Seq genomics kit Eurofins N/A
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RevertAid first strand cDNA synthesis kit ThermoFischer Cat# K1622

RNeasy Mini Kit Qiagen Cat# 74106

Zymo Pure II Plasmid Maxiprep Kit Zymo Research Cat# D4202

Zombie UV� Dye Biolegend Cat# 77474

CellXVivo Mouse Th17 Cell Differentiation Kit R&D Cat# CDK017

H&E Staining Kit (Hematoxylin and Eosin) abcam Cat# ab245880

Pan T cell Isolation Kit II, mouse Miltenyi Cat# 130-095-130

CD4+ T cell Isolation Kit, mouse Miltenyi Cat# 130-104-454

m-Dish 35 mm, high ibidi Cat# 81156

Double edge blades EMS Cat# 72000

PE/R-Phycoerythrin Conjugation

Kit – Lightning-Link �
abcam Cat# ab102918

ZellSafe� FFPE Tissue Canopy Biosciences Cat# 28050606/04

Calibration Slide for ZellScannerONE Canopy Biosciences Cat# 28050606/10-004

ZellSafe� Box for storage of ZellSafe� chips Canopy Biosciences Cat# 28050606/10-002

Zellsafe� Washing Station Canopy Biosciences Cat# 28050606/10-001

Deposited data

RNA-Seq mapping for breast 4T1 cells This paper http://genomics-lab.fleming.gr/

cgi-bin/hgTracks?db=mm10&

lastVirtModeType=default&

lastVirtModeExtraState=&

virtModeType=default&virtMode=

0&nonVirtPosition=&position=

chr12%3A76716084%2D76

735713&hgsid=14120_VgLoy9

452TmgOW9lyrewimpCkvLP

GEO mRNA sequencing dataset https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi

GSE202314

Raw data, code, and results of clustering analysis This paper https://github.com/Daria-Br/TCGA_clustering

Experimental models: Cell lines

Mouse: 4T1 Wartenberg M.,

Jena, Germany

N/A

Mouse: 4T1-eGFP (PL-SIN-EF1a-EGFP) This paper N/A

Mouse: 4T1 Crispr mock This paper N/A

Mouse: 4T1 Il22ra1�/� KO This paper N/A

Mouse: 4T1 mock (pMCSV-Neo) This paper N/A

Mouse: 4T1 Il22ra2+/+ (pMCSV-Neo-Il22ra2) This paper N/A

Mouse: 4T1 Crispr mock This paper N/A

Mouse: 4T1 Pvr�/� This paper N/A

Mouse: 4T1 control (pMP71-Cerulean) N/A

Mouse: 4T1 Pvr+/+ (pMP71-Pvr-

K2A-H2B-Cerulean)

N/A

Mouse: Line-1 Egilmez N.K.,

Louisville, KY, USA

N/A

Mouse: Line-1 mock (pMCSV-Neo) This paper N/A

Mouse: Line-1 Il22ra2+/+ (pMCSV-Neo-Il22ra2) This paper N/A

Mouse: Line-1 Crispr mock (clone#1, #2, #3) This paper N/A

Mouse: Line-1 Il22ra1�/� KO (clone#4, #5, #6) This paper N/A

Mouse: Line-1 Crispr mock This paper N/A

Mouse: Line-1 Pvr�/� This paper N/A

Mouse: Line-1 control (pMP71-Cerulean) N/A
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Mouse: Line-1 Pvr+/+ (pMP71-Pvr-K2A-

H2B-Cerulean)

This paper N/A

Mouse: E0771 CH3 Biolabs Cat# 940001

Mouse: E0771-eGFP (PL-SIN-EF1a-EGFP) This paper N/A

Human: Platinum-E (Plat-E) Retroviral

Packaging Cell Line

Cell Biolabs Cat# RV-101

Human: HEK293T ATCC Cat# CRL-3216

Experimental models: Organisms/strains

Mouse: C57BL/6JRj Janvier SC-BALBJ-F

Mouse: C57BL/6NCrl Charles River 632C57bl/6J

Mouse: BALB/cAnNCrl Charles River 627Balb/cByJ

Mouse: C.129S5-Il22tm1.1lex/Mmucd (Il22�/�) MMRRC, Lexicon

Genetics

Stock number: 032402-UCD

RRID: MMRRC_032402-UCD

Mouse: B6.C-Tg(CMVcre)1Cgn/J Jackson Laboratory Stock number: 006,054

RRID: IMSR JAX:006,054

Mouse: B6.Cg-Tg(Cd4cre)1Cwi/BfluJ IMI, Munich MGI:2386448

Mouse: B6;129S5-Il22tm1.1Lex/Mmucd (Il22flox) MMRRC, Lexicon

Genetics

Stock number:

036745-UCD

Citation ID:

RRID: MMRRC_036745-UCD

Mouse: B6-Foxp3mRFP Il17aGFP Il22BFP (IL-22 BFP) R. Flavell, Yale

University, USA19

N/A

Mouse: B6.129S7-Rag1tm1Mom/J (Rag1�/�) R. Flavell Lab, Yale

University, USA

JAX:002,216

RRID: MGI:3582299

Oligonucleotides

See Table S1 for Primer Sequences. N/A

Recombinant DNA

Plasmid: pMCSV-Neo Takara (Clontech) Cat# 634401

Plasmid: pMCSV-Neo-Il22ra2 This paper N/A

Plasmid: PL-SIN-EF1a-EGFP Addgene96 RRID: Addgene_21320

cDNA: murine Il22ra2 mRNA sequence This paper, from murine

splenocytes

mRNA code: ENSMUST00000036564

Plasmid: pSpCas9(BB)-2A-GFP (PX458) Addgene97 RRID:Addgene_48138

Plasmid: eSpCas9(1.1) Addgene98 RRID:Addgene_71814

Plasmid: eSpCas(1.1)-2A-eGFP-Il22ra1

CRISPR gene editing

This paper N/A

Plasmid: eSpCas(1.1)-2A-eGFP-Pvr

CRISPR gene editing

This Paper N/A

Plasmid: pCMV-VSV-G Addgene99 RRID: Addgene_8454

Plasmid: pCMV-dR8.2 dvpr Addgene99 RRID: Addgene_8455

Plasmid: pMP71-K2A-H2B-Cerulean C. Baum, Hannover,

Germany

N/A

Plasmid: pMP71-Pvr-K2A-H2B-Cerulean This paper N/A

Software and algorithms

Adobe Creative Suite CS6 Adobe www.adobe.com/de/Creative_Cloud

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/

Microsoft Office 2019 Microsoft https://products.office.com

Flowjo 10 Tree Star, BD https://www.flowjo.com/

BD FACSDiva BD Biosciences https://www.bdbiosciences.com/en-in

Image Lab 5.2 BioRad https://www.bio-rad.com/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Living Image Software 4.7.2 Perkin Elmer https://perkinelmer.com/Product/li-

software-for-lumina-1-seat-add-

on-128110

Imaris 7.2.3 Oxford instruments https://imaris.oxinst.com/packages

Leica Application Suite X (LAS X) Leica https://www.leica-microsystems.com/

ZEN 2.3 ZEISS https://www.zeiss.com/microscopy/

en/products/software/zeiss-zen.html

Chop-Chop tool (sgRNA designer) Labun et al.100 https://chopchop.cbu.uib.no/about

The Cancer Genome Atlas (TCGA) National Cancer Institute https://www.cancer.gov/tcga

Jupyter IDE 1.0.0 Project Jupyter https://jupyter.org/

iPython 7.16.1 Perez and Granger101 https://ipython.org/

Jupyter Notebook 6.0.3 Kluyver et al.102 https://jupyter.org/

NumPy 1.22.3 Harris et al.103 https://numpy.org/

Pandas 1.4.2 Reback et al.104 and

McKinneyy W.105
https://pandas.pydata.org/

TensorFlow Developers T.F.106 https://www.tensorflow.org/

Scikit-learn 0.23.1 Pedregosa et al.107 https://scikit-learn.org/

Matplotlib 3.5.1 Hunter J.D.108 https://matplotlib.org/

Seaborn 0.11.2 Waskom M.109 https://seaborn.pydata.org/

SciPy 1.8.0 Virtanen et al.110 https://scipy.org/

Lifelines 0.27.0 Davidson-Pilon C.111 https://lifelines.readthedocs.

io/en/latest/

Openpyxl 3.0.9 Gazoni and Clark112 https://openpyxl.readthedocs.

io/en/stable/

FCSwrite Zellmechanik Dresden https://github.com/ZELLMECHANIK-

DRESDEN/fcswrite

ImageJ 1.52. ImageJ https://imagej.nih.gov/ij/

Fiji Schindelin et al.113 https://github.com/fiji/fiji

Automatic image processing Jarosch et al.114 https://github.com/SebastianJarosch/

ChipCytometry-Image-Processing

Grid/collection stitching plugin Preibisch et al.115 https://github.com/fiji/Stitching

BaSiC Peng et al.116 https://github.com/marrlab/BaSiC

StarDist Schmidt et al.117 https://qupath.readthedocs.io/en/

stable/docs/advanced/stardist.html

ZellExplorer version 19-08-2020 Canopy Biosciences N/A

ZellScan App version 2.21.21-1320 Canopy Biosciences N/A

Pump control app [V1.0.0.5] Canopy Biosciences N/A

See Table S1 for Universal ProbeLibrary Sigma-Aldrich N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sebastian

Kobold (sebastian.kobold@med.uni-muenchen.de).

Materials availability
Materials generated in this study are available upon request to the lead contact, Sebastian Kobold (sebastian.kobold@med.uni-

muenchen.de), pending the execution of an institutional material transfer agreement.

Data and code availability
The published article includes TCGA datasets analyzed during this study. The code and datasets generated during this study related

to clustering analysis are available at theGitHub repository https://github.com/Daria-Br/TCGA_clustering. The RNA sequencing data

are available in the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/) under accession number GSE202314.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
All animal experiments were approved by the local regulatory agencies (Regierung von Oberbayern, Behörde f€ur Soziales, Familie,

Gesundheit und Verbraucherschutz) and adhered to the European guidelines for the care and use of laboratory animals. Four to

eight-week-old female mice were used for the experiments. Mice were used on Balb/c or C57BL/6 backgrounds where specified.

For mouse line source and identification see the key resources table. Wild-type Balb/c mice were purchased from Janvier, and

wild-type C57BL/6 mice were purchased from Janvier or Charles River. C.129S5-Il22tm1.1Lex/Mmucd (Il22�/�) and B6; 129S5-

Il22tm1.1Lex/Mmucd (Il22flox) were obtained from the Mutant Mouse Resource and Research Center (MMRRC) at University of

California at Davis, an NIH-funded strain repository, and was donated to the MMRRC by Genentech, Inc.118 Il22flox mice were back-

crossed for at least eight generations to a C57BL/6 background and were bred to CMVcre or Cd4cre mice to generate Il22�/� and

Cd4cre; Il22flox lines. Foxp3mRFP; Il17aGFP; Il22sgBFPmice are the property of Richard A. Flavell.19,119,120Rag1�/�micewere purchased

from Jackson Laboratories. Animals used in this study were maintained in individually ventilated cages under specific pathogen-free

conditions at Klinikum der Universit€at M€unchen and University Medical Center Hamburg-Eppendorf.

Cell lines
Themurine lung cancer cell line 1 (Line-1) was kindly provided byNejat K. Egilmez (University of Louisville, KY). The 4T1murine breast

cancer cell line was kindly provided byMariaWartenberg (Jena University Hospital, Jena, Germany). Line-1, 4T1, and E0771 cell lines

(CH3BioSystems) and their derivatives were cultured in RPMI 1640 (Sigma-Aldrich) supplementedwith 10%FBS (Gibco), 100 mg/mL

streptomycin, 1 IU/mL penicillin, and 2 mM L-glutamine (all PAA Laboratories). Cells were maintained at 37�C, with 5% CO2. The

Platinum-E (PLAT-E) retroviral packaging cell line (Cell Biolabs) was cultured in supplemented DMEM (Sigma-Aldrich), additionally

containing 1 mg/mL puromycin and 10 mg/mL blasticidin (all from InvivoGen).

Mouse tumor models
For subcutaneous tumor implantation, 1.25 3 105 4T1 or 5 3 105 Line-1 cells in 100 mL PBS were injected s.c. into the right flank of

BALB/cmice. Transgenic cell lines were prepared and injected at the same concentration as their respective parental cell line. Mouse

health, weight, and tumor size weremonitored every other day, as per local regulations. Tumor size wasmeasured using a caliper and

defined as an area (mm2). Tumor sizes larger than 225 mm2 or ulceration of the tumor were used as surrogate parameters for termi-

nation. For the intravenous metastatic model, 1.253 105 4T1 or 23 105 Line-1 cells in 100 mL PBSwere injected in the lateral tail vein

of Balb/c, or 0.5 x 106 E0771 cells in C57BL/6mice.Mouse health andweight weremonitored every other day. Typically, experiments

were terminated 20 days after injection, unless otherwise indicated. Lungs were obtained and treated as described in ex vivo

methods.

Intrasplenic (i.s.) tumor cell injection
For induction of forced livermetastases, mice received 250 mL PBS containing 33 105 cancer cells i.s. The injectionwas performed in

hemi-spleen which was removed 3 min after the cancer cell injection. The mice were sacrificed after 3 weeks. Macroscopic

metastases in livers were counted by using a stereoscope (Olympus Corporation, Germany).121,122

Adoptive T cell transfer
Total CD4+ T cells were isolated from the spleen and lymph nodes using magnetic-activated cell sorting (MACS, Miltenyi Biotec)

according to the manufacturer’s instructions. Rag1�/�; Il22�/� mice were engrafted with two million CD4+ T cells from WT or

Il22�/� mice, and injected intraperitoneally, for 4–5 weeks.

Quantification of macrometastasis and single-cell isolation from the lung
Mice were anesthetized with isoflurane and sacrificed by cervical dislocation. Lungs were perfused with ice-cold PBS to remove the

excess blood and placed in cold complete RPMI until further processing.Macroscopicmetastaseswere counted usingmagnification

glasses. Lungs were cut into pieces <1 mm and incubated in collagenase (1 mg/mL) and DNase I (0.05 mg/mL, all Sigma-Aldrich) at

37�C for 30 min. Digested organs were passed through a 100 and 30 mM strainer and the single-cell suspension was washed with

PBS. The remaining red blood cells were removed using Erythrocyte-lysis buffer (BD Pharm) for 3 min at room temperature (RT).

The resulting lung single-cell suspension was used for flow cytometry (FC).

Lungs from the IL-22-BFP reporter animals were minced and incubated with collagenase (1 mg/mL) and DNase I (10 U/ml) at 37�C
for 25 min on a shaking incubator in HBSS (with Ca2+ and Mg2+). After washing with 1% FBS/PBS (v/v), cells were further separated

using Percoll (GE Healthcare) gradient (67/40%, v/v) centrifugation. After centrifugation (400 g, 20 min, no brake) the interphase was

collected, and the resulting single-cell suspension was used for flow cytometry.

Clonogenic metastasis assay
Single-cell suspension from the lung that contained tumor cells was diluted 1:10, 1:100, or 1:1000 in 10 mL of complete RPMI sup-

plemented with 30 mM 6-thioguanine to inhibit non-tumor cell proliferation. Three technical replicates were plated for each sample in

the 6-well plate. After 10 to 14 days, colonies that resulted from tumor cell proliferation were fixed with 70% ethanol (v/v) and stained
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with a 1% (w/v) solution of crystal violet (all Sigma-Aldrich). The total number of colonies was counted and normalized to the mean of

the control group.123

In vivo imaging
For in vivo imaging of tumor burden, mice were injected with 150mg Luciferin per kg body weight 10min before imaging according to

themanufacturer’s instructions (Xenolight D-Luciferin potassium salt) using IVIS Lumina X5. Analyses were performed with the Living

Image Software 4.7.2 (all Perkin Elmer, USA).

METHOD DETAILS

Generation of 4T1-GFP and E0771-GFP cell lines
For the generation of the 4T1-GFP and E0771-GFP cell lines, the lentiviral vector PL-SIN-EF1a-eGFP was provided by James Ellis

(#21320, Addgene). 8 3 106 HEK293T cells (ATCC) were seeded into a 10 cm, poly-L-Lysin-coated cell culture dish and cultured in

complete DMEM for 12 h. The cells were then transfected with the lentiviral packaging vectors and the PL-SIN-EF1a-eGFP target

vector. Five mg of VSV-G, 7.5 mg of pCMV, and 11 mg of the target vector were mixed and brought to a total volume of 500 mL

with OptiMEM. The mixture was incubated at room temperature for 5 min and then mixed with 500 mL OptiMEM and 55 mL Lipofect-

amine 2000. The transfection mix was again incubated for 30 min at RT. HEK293T cells were then cultured in 1 mL of the transfection

mix at standard culturing conditions. After 12 h, themediumwas removed and switched to complete DMEM supplemented with 30%

FBS. The virus supernatant was harvested after 24 to 48 h and passed through a 0.45 mm filter. HEPES Buffer (1:50) and polybrene

(1:1000, Sigma-Aldrich) were added to the filtered virus supernatant. To proceed with the transduction, 5 3 105 4T1 or E0771 cells

were plated in a 6-well plate. Four hours after seeding, the cell culture medium was removed, and 1 mL of the freshly acquired virus

supernatant was added. After at least 4 h of incubation, 2 mL of fresh culture medium was added. Forty-eight hours post-transduc-

tion, GFP-positive cells were sorted using a BD FACS Aria III to obtain purities of GFP+ 4T1 or E0771 cells >95%.

Generation of IL-22BP-producing (Il22ra2+) cells
Murine Il22ra2 (IL22-BP) cDNA was purchased from GeneScript. DNA insert was cloned into the retroviral pMSCV-Neo plasmid

(Clontech) following standard molecular cloning protocols.124 Constructs were verified by Sanger sequencing using the Mix2Seq

kit (Eurofins) according to the manufacturer’s instructions. The validated plasmid was expanded in competent E. coli DH5a (NEB)

and purified using Zymo Pure II Plasmid Maxiprep Kit (Zymo Research). For retroviral expression, pMCSVn-Neo and pMCSVn-

Neo-Il22ra2 plasmidswere transfected into the PLAT-E cell line (Platinum-E retroviral packaging cell line, Cell Biolabs) using Lipofect-

amine 2000 transfection as described. After 48 h supernatant containing viral particles was collected and filtered using a 0.45 mm

filter. Two mL of fresh viral supernatant that contained 8 mg/mL polybrene (Sigma-Aldrich) was added to 4T1 or Line-1 target cells

followed by centrifugation at 800 g for 30 min at 32�C and incubated for 24 h. Then the medium was exchanged to RPMI and incu-

bated for an additional 24 h for a total of 48 h. Transduced cells were selected with the addition of 800 mg/mL of Geneticin G418

(Thermofisher) for two weeks.

Generation of Il22ra1- and Pvr– cell lines using CRISPR/Cas9 system
The CRISPR/Cas9 system was employed to generate Il22ra1- and Pvr� cell lines, respectively. sgRNAs were designed using the on-

line tool CHOPCHOP (Il22ra1-sgRNA: cta ctg acc atc ctg acg gt,Pvr-sgRNA: ggc caa gag att cgt cca gg) and subsequently cloned via

BbsI into the eSpCas(1.1)-2A-eGFP plasmid, which was generated by introducing the T2A-eGFP fragment from PX458 into eSp-

Cas9(1.1) via FseI and NotI.100,98 Individual plasmids were a gift from Feng Zhang (Addgene plasmids #71814 and #48138). 4T1

and Line-1 cells were plated in 6-well plates and transfected using a mix containing 250 mL of Opti-MEM (Sigma-Aldrich), 5 mg of

the respective plasmid, and 12 mL Lipofectamine 2000 (Thermofisher) for 18 h, followed by regular culture medium for another 24

h. Afterward, Il22ra1-edited cells were sorted with a BD FACSAria III and single-cell clones were grown in 96-well plates. Clones

were analyzed by Sanger sequencing using QuickExtract DNA Extraction Solution (Lucigen) and Mix2Seq Kit (Eurofins) according

to manufacturers’ instructions. Il22ra1- clones were further validated by the absence of IL-22 induced Stat3 phosphorylation using

Western blot (data not shown), clones that failed to show diminished Stat3 phosphorylation were selected as controls. Pvr-edited

cells were stained with an anti-mouse CD155-PE Antibody (BioLegend) and enriched by FACS at a purity of >95%. CD155-PE-

(Pvr�) and CD155-PE+ (control) cells were then used in subsequent experiments.

Next-generation sequencing
0.3 3 105 4T1 cells were seeded into six-well plates and incubated in complete RPMI media for 24 h. Cells were then washed twice

with PBS, and 1 mL of Opti-MEM serum-free medium with or without 100 ng/mL of IL-22 was added to each of the three biological

replicates. Cells were incubated for 24 h and proceeded to RNA extraction by the TRIzol method following the manufacturer’s in-

structions (Invitrogen).

Total RNA was measured in NanoDrop (ND1000 Spectrophotometer, PEQLAB). Samples were diluted to a mean concentration of

approximately 100-150 ng/mL and their quality was assessed in a Bioanalyzer (Agilent Technologies) using the Agilent RNA 6000

Nano Kit reagents and protocol (Agilent Technologies). For library preparation, the 30 mRNA-Seq Library Prep Kit protocol for Ion

Torrent (QuantSeq-LEXOGEN Vienna, Austria) was used according to the manufacturer’s instructions. Up to 500 ng of RNA was
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used for first and second-strand synthesis, followed by 13 cycles of amplification. Library quality and quantity were assessed in

Bioanalyzer using the DNA High Sensitivity Kit reagents and protocol (Agilent Technologies). The quantified, barcoded libraries

were pooled together at a final concentration of 7 p.m. The pools were templated and enriched on an Ion Proton One Touch system.

Templating was performed using the Ion PI Hi-Q OT-II 200 Kit (ThermoFisher Scientific), followed by sequencing with the Ion PI Hi-Q

Sequencing 200 Kit on Ion Proton PI V2 chips (ThermoFisher Scientific) according to commercially available protocols, on an Ion Pro-

ton System, according to the manufacturer’s instructions.

Short read mapping
The obtained FASTQ files were mapped on the UCSC hg19 reference genome using a two-phase mapping procedure. Firstly, the

short reads were mapped using tophat2, with default settings, and using additional transcript annotation data for the hg19 genome

from Illumina iGenomes (http://cufflinks.cbcb.umd.edu/igenomes.html). Next, the reads which remained unmapped were submitted

to the second round of mapping using Bowtie2 with the –local and –very-sensitive local switches turned on.

Differential expression analysis
Differential expression analysis was performed using the Bioconductor package metaseqR (https://www.ncbi.nlm.nih.gov/pubmed/

25452340). The BAM files obtained after short-read mapping, one for each RNA-Seq sample, were summarized in a 30UTR read

counts table, using the Bioconductor package GenomicRanges. In the final read counts table, each row represented a gene,

each column one RNA-Seq sample, and in each cell, the corresponding read counts were associated with each row and column.

The gene counts table was normalized for inherent systematic or experimental biases (e.g., sequencing depth, gene length, GC con-

tent bias, etc.) using the Bioconductor package DE-Seq after removing genes that had zero counts over all the RNA-Seq samples.

Before the statistical testing procedure, the gene read counts were filtered for possible artifacts that could affect the subsequent sta-

tistical testing procedures. Genes presenting any of the following were excluded from further analysis: i) genes with a total length less

than 500, ii) genes whose average reads per 100 bp was less than the 25 th quantile of the total normalized distribution of average

reads per 100 bp, iii) genes with read counts below themedian read counts of the total normalized count distribution, iv) genes whose

Ensembl biotype matched the following: rRNA, TR_V_pseudogene, TR_J_pseudogene, IG_C_pseudogene, IG_J_pseudogene,

IG_V_pseudogene, v) genes where 50% of samples did not present more than five normalized counts across all samples. The result-

ing gene counts table was subjected to differential expression analysis for the contrasts WM versus Ctrl using a combination of the

Bioconductor packages DE-Seq, edgeR, limma, NBPSeq, and NOISeq. To combine the statistical significance from the multiple al-

gorithms, the PANDORA weighted p value across the results method was calculated and applied.

RNA isolation and RT-qPCR
Total RNA from tumor cell lines was isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. The

RNA concentration was determined with Nanodrop 2000c (Thermofisher). cDNA was synthesized using the RevertAid first-strand

cDNA synthesis kit (Thermofisher). Relative mRNA expression was determined by real-time-qPCR. Kapa Probe Universal Master

Mix (Roche) and specific probes were by Roche, and primers are from Metabion (see Table S1). Sample cDNA was amplified and

measured by LightCycler 480 (Roche). Expression fold change was calculated using the DDCt method.

Flow cytometry
For the detection of 4T1-GFP and E0771-GFP cells, single cells from the lungs were stained with Fixable Viability Dye, eFluor 780

(Thermofisher) according tomanufacturer’s instructions, resuspended in 400 mL FC buffer (1% FBS/PBS) andmeasured by LSR For-

tessa II (BD) using appropriate controls. Absolute numbers of cells were determined using CountBright beads (Thermofisher) accord-

ing to the manufacturer’s instructions.

For the intracellular detection of IL-22 production, single cells from the lungs of control and tumor-injectedmice were incubated for

4 h at 37�C in complete RPMI containing 50 ng/mL PMA, 1 mg/mL Ionomycin, 1 mL/mL of GolgiPlug (BD), 0.7 mL/mL GolgiStop (BD),

1 mL/mL 2-Mercaptoethanol.125 After incubation, cells were washed with PBS and incubated with TruStain FcX (Biolegend) in FC

buffer for 15 min at 4�C followed by washing with FC buffer and staining with antibodies for extracellular antigens and viability

dye for 20 min at 4�C according to the Key resources table. Then, cells were washed with FC buffer, fixed and permeabilized by

Cytofix/Cytoperm Kit (BD) following manufacturer’s instructions and incubated with intracellular antibody in Wash buffer (BD) for

30 min at 4�C, washed by Wash (BD) buffer, resuspended in 400 mL FC buffer and analyzed by LSRFortessa II (BD). Data were

analyzed with FlowJo software (Flowjo LLC, BD).

Generation of Th17 cells from mouse splenocytes
Mouse T cells were isolated from solenocyte cell suspension using pan T cell isolation kit II (Miltenyi). Cells were cultured under polar-

izing conditions using CellXVivo mouse Th17 cell differentiation kit (R&D) according to the manufacturer’s instructions for 5 days and

then analyzed by flow cytometry.

Proliferation assessment using EdU
For early metastasis assay, 5 x 106 4T1-GFP cells were prepared, resuspended in 100 mL PBS and injected into the lateral tail vein of

WT BALB/c or IL22 KO mice. Mice were sacrificed 12 or 48 h after injection. Four hours before termination, mice were injected
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intraperitoneal with 100 mg/kg of 5-ethynyl-2-deoxyuridine (EdU), a thymidine analog that is incorporated by the proliferating cells.

The cell suspensionwas prepared from the left lung and stained beforemeasurement with Click-iT EdU FlowCytometry Kit according

to the manufacturer’s instructions. The right lung lobule was preserved fresh at 4�C in PBS on ice and analyzed using the confocal

microscope.

Confocal microscopy
Fresh lung lobules were submerged in a PBS solution containing 5 mg/mL of Hoechst 33,342 for 10 min at room temperature. Sub-

sequently, the tissuewas carefully flattened with a glass cover slide and directly exposed to the Leica TCS SP5 confocal system. Two

hundred pictures representing an area of 25 mm2 were acquired per sample. Quantification of total GFP+ cells was performed by

ImageJ and normalized by mm2 of the tissue.

iDISCO tissue clearing and light-sheet microscopy
Freshly perfused right lung lobes were placed in 4% PFA overnight at 4�C with rocking. Samples were stained and cleared following

the modified iDISCO protocol.52 For this, samples were washed twice in PBS for 1 h, then placed in 50% methanol in PBS for 1 h,

followed by 80% methanol for 1 h, then 100% methanol for 1 h twice. Samples were then bleached with 5% hydrogen peroxide in

20% DMSO-methanol (1 vol 30% H2O2: 1 vol DMSO: 4 vol methanol, ice-cold) at 4�C overnight. After bleaching, samples were

washed in methanol for 1 h twice, then in 20% DMSO-methanol for 1 h twice followed by 80% methanol for 1 h, 50% methanol

for 1 h, PBS for 1 h twice, and finally in 0.2% Triton X-100 in PBS for 1 h twice before further staining procedures. Pretreated samples

were incubated in a solution containing 0.2% Triton X-100, 20%DMSO, 0.3M glycine in PBS at 37�C overnight and then blocked in a

solution containing 0.2% Triton X-100, 10% DMSO, 6% Donkey Serum at 37�C for 1 day to prevent unspecific binding. Samples

were washed twice with PTwH solution (0.2% Tween 20 in PBS supplemented with 10 mg/mL heparin) for 1 h and then incubated

in GFP-Booster (Chromotek - gba488-10) dilutions in PTwH solution with 5% DMSO and 3% Donkey Serum at 37�C for 4 days

with rotations. Samples were finally washed in PTwH for 2 days before clearing and imaging. Samples were incubated overnight

in 10 mL of 50% (v/v) tetrahydrofuran in H2O (THF, Sigma 186,562-12X100ML). Samples were then incubated for 1 h in 10 mL of

80% THF in H2O, twice for 1 h in 100% THF, and then in dichloromethane (DCM, Sigma 270,997-12X100ML) until they sank to

the bottom of the vial. Finally, samples were incubated in 18 mL of dibenzyl ether (DBE, Sigma 108,014-1KG) until transparent

(�2 h) and then stored in DBE at RT. Samples were imaged in DBE by a light-sheet fluorescence Ultra-Microscope II (LaVision).

Precision-cut lung slices (PCLS) and confocal microscopy
Lung tissue samples from Foxp3mRFP; Il17aGFP; Il22sgBFP mice, that were injected intravenously with 2 x 105 E0771 tumor cells in

100 mL of PBS, were used to generate PCLS.126 Lungs were perfused with cold PBS containing 5 IU/mL heparin. Approximately

1.0 mL of 2% lowmelting point agarose (Biozym) at 40�Cwas slowly injected through the tracheal incision using a 20 G vein catheter.

After 5min of solidification at 4�C, the lung lobules were excised and submerged into ice-cold PBS. Subsequently 250 mm thick slices

were prepared using the Leica VT1200 S vibratome. The staining procedure consisted of incubating the samples overnight with anti-

mouse CD4 antibody at a concentration of 10 mg/mL and with PE anti-mouse CD155 antibody (both from Biolegend) at a concen-

tration of 10 mg/ml. Nuclear staining followed the day after using NucRed Live 647 ReadyProbes reagent containing TO-PRO-3

DNA dye (Thermo Fisher) for 30 min, according to the manufacturer’s protocol. After staining, the samples were washed six times

in PBS.

The PCLS were embedded with antifade mountant Pro-Long Glass (Thermo Fischer) onto 35 mm imaging dishes (ibidi) according

to the manufacturer’s protocol. Confocal microscopy using the Zeiss LSM800 confocal system was performed acquiring 15 images

of metastasis and normal tissue per sample representing an area of 160 x 160 mm2. Metastatic tissue was identified according to its

CD155 expression. Z-Stacks consisting of 20 images with a 1 mm interval were generated using sequential imaging mode. The ZEN

2.3 software (Zeiss), including 3D view (by Arrivis) and colocalization plug-ins, was used for quantification and analysis.

H&E staining
Murine lungs were formalin-fixed, followed by a dehydration step conducted with the Shandon Citadel 2000 Tissue Processor. Sub-

sequently, the lungs have been embedded in paraffin blocks and cut into sections of 3 mm thickness onto microscopic slides. For

visualization of metastases, the sections were then stained for hematoxylin and eosin (H&E Staining Kit by abcam). For that, a rehy-

dration step with a series of xylol (I), xylol (II) (each for 2 min), 100%, 96%, and 70% ethanol (for 1 min) has been performed. Samples

were briefly rinsed with cold water (30 s), stained with hematoxylin for 6 min, rinsed with warm water for 4 min and with 70% ethanol

for 1 min, stained with eosin for 2.5 min and dehydrated with series of 96% (I), 96% (II), 96% (III), and 100% ethanol (each 1 min).

Lastly, the slides were put into xylol (2.5 min). After drying overnight at room temperature protected from sunlight, the samples

were digitalized with the EVOS M7000 Imaging System (Thermo Fisher Scientific).

Chip cytometry
For chip cytometry, paraffin blocks were then cut into 3 mm thick sections with a semi-automatic microtome (Fisher Scientific),

mounted on Zellkraftwerk FFPE Coverslips (Canopy), and left to dry overnight at 40�C in a dry atmosphere. Deparaffination of the

samples was achieved by incubating the sections at 60�C for 1 h in a dry atmosphere, followed by two incubations in Xylol (Carl

Roth) for 2 min each. Then, the samples were rehydrated in a descending ethanol row as described previously, followed by a
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wash in PBS for 5 min. After that, antigen retrieval was performed for 20 min at 95�C in antigen retrieval buffer (Tris-EDTA, pH 9, ab-

cam), followed by 20 min of cooldown. After washing in PBS for 5 min, sections were permeabilized in 0.1% Triton X-100 (Merck) for

15 min and washed again in PBS. Sections were then mounted onto Zellsafe FFPE Tissue Chips (Canopy) which were subsequently

loaded with ZKW storage buffer (Canopy) and stored at 4�C until use.

Images were acquired on the ZellscannerONE (Canopy) platform as described.60,114 Background fluorescence of the tissues was

acquired for each channel to be subtracted from the immunofluorescence signal in the subsequent imaging steps. The sections were

blocked for unspecific binding in PBS, supplemented with 5% (v/v) donkey serum (Thermo Fisher) for 1 h at room temperature. The

samples were incubated with a goat anti-murine NKp46 antibody (R&D) at a concentration of 5 mg/mL overnight at 4�C. The following

day, FITC conjugated donkey anti-goat antibody (Jackson ImmunoResearch) was applied at a concentration of 10 mg/mL for 2 h at

room temperature. After intensive washing with Zellkraftwerk washing buffer (Canopy), a fluorescence signal was acquired, followed

by a step of photobleaching and an acquisition of background fluorescence for the following staining. Next, the sections were

blocked in PBS containing 5% (v/v) rabbit serum for 1 h at room temperature. Rabbit anti-murine CD155 antibody (abcam) was con-

jugated with PE using the Lightning Link conjugation kit (abcam), following the manufacturer’s instructions, before being used for

staining at a concentration of 5 mg/mL overnight at 4�C. After a washing step, imaging and photobleaching were performed as

described before. Following this, the tissue was incubated with rabbit anti-murine CD8 antibody (abcam), conjugated with AF555,

at a concentration of 10 mg/mL overnight at 4�C, followed by washing and an imaging cycle the following day. Lastly, DNA was

stained with 0.4 mM Hoechst 33,342 (Thermo Fisher) for 5 min followed by a washing step and imaging.

Chip cytometry image processing and segmentation
Chip cytometry samples were processed and segmented in ImageJ (Fiji distribution)113 utilizing an established pipeline.60 Briefly,

16bit grayscale TIFFs of net fluorescence signal for each marker were stitched with the grid-collection plugin available through

Fiji115 after shading correction with the BaSiC plugin.116 Then a merged image with the pseudo coloring of each marker was

generated. For quantification, the sections were segmented on the nuclear stain by a pre-trained neural network from StarDist.

The resulting regions of interest (ROI) were enlarged by 1 mm and fluorescence values were calculated after image preprocessing.60

The output.csv file was then formatted into a.fcs file containingmean fluorescence intensity, x and y coordinates, area, and circularity

for each detected cell, with the python plugin FCSwrite (https://github.com/ZELLMECHANIK-DRESDEN/fcswrite) for further analysis

in FlowJo.

Cells recognized by neural network segmentation as described above were gated on area and circularity. Then, each marker was

plotted against an area to identify NK cells (NKp46+), CD8 T cells (CD8+), and tumor cells (CD155+). The density of CD155+ cells was

used to gate on themetastatic lesion. The spatial gates generated in this step were then applied to the CD8 T and NK cells to quantify

intralesional abundance thereof. Further, mean fluorescence values of CD155 were calculated for each metastatic lesion.

TCGA data analysis
We used Illumina HiSeq RNA sequencing data from The Cancer Genome Atlas (TCGA). For this study, we chose the TCGA Lung

Adenocarcinoma (LUAD) and invasive breast carcinoma (BRCA) datasets. Gene expression data was acquired for PVR, IL22RA1,

IL22RA2, and IL10RB. We chose not to include IL22 gene expression as it was reported only for a fraction of the samples. Data

for the sample type, pathologic stage (from TNM classification), overall survival events, and overall survival time comprised the

main analyzed phenotypic features.

We used the University of California Santa Cruz’s Xena Functional Genomics Browser (UCSC Xena) for browsing, pre-filtering, and

acquisition of TCGA datasets. We chose JupyterLab (2.1.5, Python 3.9, Anaconda distribution) as our environment for data handling

and analysis. Most data structuring and basic analyses were done with the Pandas library (1.0.5). We used methods from the Scikit

Learn (0.23.1) and Scipy (1.5.0) libraries for scaling of data, t-distributed Stochastic Neighbor embedding (t-SNE) dimensionality

reduction, and agglomerative clustering. Matplotlib (3.2.2) and Seaborn (0.10.1) libraries were used for plotting. The Lifelines

(0.26.3) library was used for Kaplan Meyer plotting, Restricted mean survival time (RMST), and Cox’s proportional hazards model

analyses.

RNA-seq-by Expectation Maximization (RSEM) values were normalized as log2(x+1) by UCSC Xena. We used UCSC Xena’s

filtering options to filter out patient samples with null values for any of the chosen parameters and downloaded the resulting tables,

containing genomic and phenotypic data, for further processing and analysis. The datasets were filtered for primary tumor samples.

We filtered the BRCA dataset for HER2-positive samples. Then, the gene expression data was scaled with a Z score for clustering

and improved plotting.

We reduced the dimensionality of the gene expression data down to two dimensions by t-distributed stochastic neighbor embed-

ding (t-SNE). We chose a perplexity value of 20, as values ranging from 5 to 50 have been reported to be robust.127

We used agglomerative clustering, a bottom-up method of hierarchical clustering, to stratify our dataset by gene expression

patterns in an unsupervised way. We used Ward’s minimum variance algorithm as our linkage method and Euclidean distance as

our distance metric. This linkage hierarchy can be visualized with a dendrogram plot. Here, we observed that the dataset was

separated into three main clusters, that were formed in most iterations of the algorithm. Based on this, we chose to fit three clusters

to the datasets. The resulting labels were joined with the scaled, multidimensional datasets for further analyses.

We utilized Kaplan Meier (KM) Plots to analyze the impact of the gene expression patterns on the overall survival of the patients.

Statistical significance was tested with the log rank test. To account for the high variance at later time points of the KM plots, we
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performed Restricted Mean Survival Time (RMST) for the first five years of follow-up to quantify survival differences. RMST values of

the patient clusters were subtracted from each other as a measure of relative survival time gain or loss in dependence on cluster

affiliation. The Cox Proportional Hazards model (CPH) was used to quantify the impact of each gene on the survival phenotype.

We summarized the pathologic stages IA & IB to stage I, IIA & IIB to stage II, and IIIA & IIIB to stage III because only the non-detailed

classification was available for most samples. The statistical significance of the frequency differences was determined by the chi-

squared test.

Deconvolution analysis
To have a deeper insight into the different immune landscapes of the IL-22-PVR signature clusters, we used the Cell Fractions anal-

ysis module of CIBERSORT. This tool allows deconvolution of immune-cell subsets from bulk RNAseq samples, by fitting distinct,

cell-type-specific gene expression patterns onto them, that are compiled in a signature matrix. Here, we used the LM22 signature

matrix file, provided by CIBERSORTx, enabling the enumeration of 22 immune cell subtypes.128

We acquired gene expression data from the TCGA LUAD dataset for 509 of 547 genes of the LM22 signature matrix from UCSC

Xena. Log2(x+1) normalized RSEM gene expression values from the TCGA LUAD cohort were brought out of the log2 space by inver-

sion of the normalization, using Numpy operations. We further filtered the resulting table for patient samples that were assigned to an

IL-22-PVR signature cluster, before formatting the resulting table for CIBERSORTx deconvolution. CIBERSORTx was run in absolute

and relative mode with enabled B-mode batch correction, disabled quantile normalization, and 1000 permutations. We re-joined the

resulting tables with IL-22-PVR signature cluster labels using the TCGA sample codes as unique identifiers.

QUANTIFICATION AND STATISTICAL ANALYSIS

The normality of the datasets was determined using the D’Agostino and Pearson test. Outliers were identified using the ROUT

method, 1%. Differences between experimental conditions in normally distributed datasets were analyzed using the unpaired

two-tailed Student’s t test. Welch’s correction was applied to the datasets with significant differences in SDOtherwise, the two-tailed

Mann-Whitney nonparametric U test was used. P-values are indicated in each figure, p < 0.05 was considered significant. All statis-

tical tests were performed using GraphPad Prism 8-10 (GraphPad software).
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Figure S1, related to Fig. 1 IL-22 deficiency reduces the number of lung and liver metastases in syngeneic mouse 

models of lung and breast carcinoma. (A) Linear regression analysis of the correlation between the tumor size and 

the number of metastases from (Fig. 1). (B) Syngeneic 4T1 model of orthotopic mammary pad injection in WT and 

Il22-/- animals. Subcutaneous tumor growth, macroscopic metastases in the lungs, and colonies in clonogenic 

metastasis assay (n=20 for tumor growth and the number of metastases, n = 12 and 10 for clonogenic assay, data of 

three and two experiments pooled). (C) Representative microphotographs of HE-stained lung section with visible 

metastases. Linear regression analysis of macrometastasis vs metastatic area as a percent of the total area (n = 6). 

(D) Intravenous mouse model of E0771-GFP lung metastasis in WT and Il22-/- littermate mice. Numbers of 

metastases, representative flow cytometry plots, and frequency of E0771-GFP+. The numbers are the frequency of 

the parent gate (n = 8 and 6). (E) Intrasplenic mouse model of E0771-GFP liver metastasis in WT and Il22-/- mice. 

Numbers of metastases in the liver, representative flow cytometry plots, and frequency of E0771-GFP+ cells. The 

numbers are the frequency of the parent gate. (n = 6 and 5). Data presented as means ± SEM, p-values < 0.05 were 

considered significant by the Mann-Whitney U test. 

  



 

Figure S2, related to Fig. 2 T cells are the primary source of IL-22 in the lung of mice bearing subcutaneous tumors.  

(A) Intracellular staining of FACS-sorted BFP+ cells from the lung of Foxp3mRFPIl17aGFPIl22sgBFP mice. (B) Gating strategy 

to identify CD4+, CD8+ and double negative (DN) T cells, γδ T cells, CD3+NK1.1+, and CD3-NK1.1+ cells in the lungs of 

reporter mice and (C) IL-22 production in identified populations. Numbers represent the frequency of the parent 



gate. (D) Percentage of IL-22+ cells normalized to control and reported per animal (n = 8). Data are presented as 

means ± SEM, and p-values <0.05 are considered significant as calculated by the Mann-Whitney U test. (E) CD44 

expression by CD4+IL-22+ T cells. (F) Subcutaneous model of Line-1 metastasis in WT and Il22-/- mice. (G) Gating 

strategy to identify CD4+, CD8+ αβT cells, γδ T cells, CD3-CD127+ ILCs, CD3-CD49b+ NK cells in the lungs. Numbers 

represent the frequency of the parent gate. (H) Percentage of IL-22+ cells (n = 4 and 6). (I) Breakdown of IL-22+ cells 

by cell type as defined by the mean frequency of reported experiments. Data are presented as mean ± SEM, and a 

representative experiment of three is shown. P-values <0.05 are considered significant as calculated by the Mann-

Whitney U test. (J) Intracellular IL-22 staining of Th17 polarized splenocytes from WT, Il22floxCd4cre, and Il22-/- mice. 

(K) Engraftment of adoptively transferred MACS sorted WT and Il22-/- CD4+ T cells in the lungs of Rag1-/- mice 3 

weeks post transfer. Representative dot plots, and frequency of total CD3+, CD4+, and CD8+ cells are presented (n = 

3). 

  



 

Figure S3, related to Fig. 3 IL-22BP reduces the number of lung metastases but does not affect tumor growth in 

subcutaneous and intravenous models of lung and breast carcinoma.  

(A) Subcutaneous and intravenous mouse models of 4T1 and Line-1 Il22ra2+ breast cancer metastasis. (B) Tumor 

size, the number of macroscopic metastases, and colonies in clonogenic metastasis assay in lungs from wild-type 

BALB/c mice injected s.c. with 4T1 control or 4T1 Il22ra2+ cells as reported per animal (n = 10). Data from two 

independent experiments were pooled. (C) Numbers of macroscopic metastases and colonies in clonogenic 

metastasis assay injected i.v. with 4T1 control or Il22ra2+ cells as reported per animal (n = 6). Data is from one 

experiment. (D) Tumor size, number of macroscopic metastases, and colonies in clonogenic metastasis assay in the 

lungs of mice injected s.c. with Line-1 control or Il22ra2+ cells as reported per animal (n = 10). Data from two 

independent experiments were pooled. (E) Numbers of macroscopic metastases and colonies in clonogenic 

metastasis assay in the lungs of mice injected i.v. with Line-1 control or Il22ra2+ cells as reported per animal (n = 6). 

Data are from one experiment and are represented as means ± SEM, p-values < 0.05 were considered significant by 

the mixed-effect two-way analysis for tumor growth and by the Mann-Whitney test for the number of metastases 

and colonies.  

  



Figure S4, related to figure 3: IL-22 does not affect the seeding but the outgrowth of tumor cells during the early 

stages of engraftment. 

(A) 4T1-GFP breast cancer model of seeding and outgrowth where WT and Il22-/- mice were sacrificed 12 or 48 hours 

after i.v. cancer cell injection. (B) Representative confocal images of the lungs. The GFP signal is depicted in green, 

and DAPI is in blue. (C) Numbers of individual 4T1-GFP cells and colonies larger than 100 µm per mm2, normalized to 

the mean of WT control as reported for each mouse (n = 12). Data from three independent experiments were 

pooled. Data are presented as means ± SEM, and p-values < 0.05 are considered significant by the Mann-Whitney U 

test. (D) The correlation between the number of individual 4T1-GFP cells and the colonies larger than 100 µm in each 

condition is depicted by the mean of all samples ± SD. (E) Intravenous mouse model of 4T1-GFP breast cancer cell 

proliferation. Mice were co-injected with EdU four hours before preparation and sacrificed at 12-, 24-, 48-hour, and 

7-day time points. (F) Representative contour plots of the lung cells. Numbers represent the frequency of the parent 

gate. (G) Total numbers of 4T1-GFP+ cells in the lungs as reported per mouse (n = 19 and 25). Data from five 

independent experiments were pooled. Percentage of proliferating E0771-GFP+ cells as reported per mouse (n = 15). 

Data from three independent experiments are pooled and are presented as means ± SEM, p-values < 0.05 are 

considered significant as calculated by the Mann-Whitney U test. 

 



 



Figure S5, related to Figure 5: (A) The heat plot reports the fold change of three individual control and IL-22 treated 

replicates in RNAseq. (B) Expression of the chosen differentially regulated genes as determined by RT-qPCR and 

presented as fold change over unstimulated control (n = 3). Data are presented as minimum, maximum, median, and 

quartiles. (C) CD155 expression in Line-1 Il22ra1- cells after stimulation with rmIL-22 (100 ng/ml) for 72 hours in vitro. 

Representative histograms of CD155 expression at 24, 48, and 72 hours and normalized MFI in three control and test 

clones. (D) Subcutaneous tumor growth of (E) Line-1 Pvr - (n = 6) and Pvr + (n = 8); 4T1 Pvr - (n = 9) and Pvr + (n = 6) 

cells in WT mice. (G) Intravenous mouse models of 4T1 Pvr - (H) and Pvr + (I) metastasis in WT or Il22-/- mice. Numbers 

of metastases and colonies in clonogenic metastasis assay as reported per animal (n = 14 and 17). Data from three 

independent experiments pooled, presented as means ± SEM, p-values < 0.05 were considered significant by the 

Mann-Whitney U test or mixed model analysis for tumor growth. 

  



 

 



Figure S6, related to Figure 5: CD226, but not CD96 or TIGIT, is upregulated on NK cells of Il22-/- mice. (A) 

Representative dot plots and gating strategy of IFNγ producing CD8+ T cells, CD4+ T cells, and NKT cells in the lungs 

from (Fig. 5). Numbers represent the frequency of the parent gate. (B) Linear regression analysis of the correlation 

between the lung radiance and fraction of IFNγ+ NK cells in the lung from (Fig. 5). (C) Subcutaneous mouse model of 

Line-1 lung metastasis. (D) Gating strategy and (E) frequency of IFNγ production by CD8+ T cells, CD4+ T cells, NKT 

cells, and NK cells in the lung. Linear regression analysis of the correlation between the number of lung metastases 

and the IFNγ+ NK cells (n =5). (F) Entire fluorescent microscopy image overviews of the lungs of 4T1-injected WT and 

Il22-/- mice that were used for chip cytometry segmentation in Figure 5F. NKp46 FITC signal is depicted in red, CD8 

AF555 in yellow, CD155 PE in green, and Hoechst DNA staining in blue. (G) Representative dot plots of CD96 and 

TIGIT staining on CD8+ T cells, CD4+ T cells, NKT cells, NK cells, and (H) frequency of CD96+ and TIGIT+ cells in the 

lungs. Numbers represent the frequency of the parent gate (n = 6, one representative experiment of 2). Isotype 

control is depicted in black. Data presented as means ± SEM, p-values < 0.05 were considered significant by the 

Mann-Whitney U test or multiple unpaired t-tests with Holm-Sidak correction.  

  



 



Figure S7, related to Figure 7: Regression and deconvolution analysis of TCGA datasets (A) Stage-specific survival of 

patients from LUAD and BRCA cohorts from Fig. 7. Log-rank (Mantel-Cox) test was used to compare curves. (B) 

Tabular results of Cox´s proportional hazards model, fit on TCGA LUAD cohort and plot of the log (Hazard Ratio) of 

regression. (C) Results of CIBERSORTx deconvolution on LUAD samples for resting and activated NK cells and 

activated CD4+ memory T cells in absolute units, showing different immune cell infiltrates for the IL-22 PVR Clusters. 

(D) CIBERSORTx results in BRCA samples for the previously mentioned immune-cell subtypes. P-values <0.05 were 

considered significant by Tukey´s multiple comparisons test (for CIBERSORTx results) or Cox´s proportional hazards 

models. Lines and whiskers indicate mean ± SEM for CIBERSORTx results, and squares and whiskers indicate log2(HR) 

and 95% confidence interval for Cox´s proportional hazards model. 

  



Table S1, related to STAR methods: Oligonucleotides used in this study. 

Oligo Name Purpose Source Sequence 

Probe 
(Universa

l Probe 
library 
from 

Sigma) 

Catalog number 

oIMR1084 
Fw 

Genotyping 
CMV-cre 
mice 

Jackson 
Laboratory 

GCGGTCTGGCAGTAAAAACTATC N/A N/A 

oIMR1085 
Rw 
 

Genotyping 
CMV-cre 
mice 

Jackson 
Laboratory 

GTGAAACAGCATTGCTGTCACTT N/A N/A 

CD4-cre Fw Genotyping 
CD4-cre 
mice 

IMI, Munich CCCAACCAACAAGAGCTC N/A N/A 

CD4-cre Rw Genotyping 
CD4-cre 
mice 

IMI, Munich CCCAGAAATGCCAGATTACG N/A N/A 

DNA460-40 
Fw 

Genotyping 
12955-
IL22TM1.1L
EX/ 
Mmuccl  

Lexicon genetics 
(UNQ3099) 

CTCAGACCTCTACAGACAATCATC N/A N/A 

DNA460-41 
Rw 
 

Genotyping 
12955-
IL22TM1.1L
EX/ 
Mmuccl  

Lexicon genetics 
(UNQ3099) 

GATACAGGTGCAGCTAAGCGAG N/A N/A 

sgRNA 
Il22ra1  
 

CRISPR-
Cas9 gene 
edition 

CHOPCHOP v.3 CTACTGACCATCCTGACGGT N/A N/A 

sgRNA Pvr CRISPR-
Cas9 gene 
edition 

CHOPCHOP v.3 GCTTCTAATCTCCACCGTAG N/A N/A 

Il22ra2 Fw PCR ProbeFinder 2.53 ACAACAGCATCTACTTTGTGCAG N/A N/A 
Il22ra2 Rw PCR ProbeFinder 2.53 CCCCCAGCAGTCAACTTTAT N/A N/A 
l22ra2 
clone Fw 

Cloning This paper ATTACTCGAGGCCACCATGATGC
CTAAG 

N/A N/A 

l22ra2 
clone Rw 
 

Cloning This paper TAATGAATTCTCATGGAATGTGC
ACACATCTCTCC 

N/A N/A 

CD155-
Frag1.FOR 

Cloning This paper TACAGGCGGCCGCGCCACCATGG
CTCAACTCGCCC 

N/A N/A 

CD155-
Frag2.FOR 

Cloning This paper CAGCACAAGGGTGAAACAGACTT
TGAATTTTGACCTTCT 

N/A N/A 

CD155-
Frag3.FOR 

Cloning This paper CCAGGCCCGATGCCAGAGCCAGC
G 

N/A N/A 

CD155-
Frag1.REV 

Cloning This paper TCTGTTTCACCCTTGTGCTGTTTG
GCTC 

N/A N/A 

CD155-
Frag2.REV 

Cloning This paper GGCATCGGGCCTGGGTTGG N/A N/A 

CD155-
Frag3.REV 

Cloning This paper TGCTCGAATTCTTACTTGTACAGC
TCGTCCATG 

N/A N/A 



3110002H1
6Rik Fw 

RT-PCR ProbeFinder 2.53 CATTATCAGTGCAAGCCAAGG #41 Cat# 4688007001 

3110002H1
6Rik Rw 

RT-PCR ProbeFinder 2.53 CCTTTATCTGGCAAGAGATTCAC 
 

#41 Cat# 4688007001 

Add1 Fw RT-PCR ProbeFinder 2.53 GGGTGATGACGCTTCTGAG #38 Cat# 4687957001 
Add1 Rw RT-PCR ProbeFinder 2.53 TGTCCATCCTCTTTAGTCCACTT #38 Cat# 4687957001 
Ap3b1 Fw RT-PCR ProbeFinder 2.53 GAAACACCAAGCCGTTGC #15 Cat# 4685130001 
Ap3b1 Rw RT-PCR ProbeFinder 2.53 AGCTGAGCGACAGCCATAAC #15 Cat# 4685130001 
Api5 Fw RT-PCR ProbeFinder 2.53 CCTCAGCACCCTGACCAC #97 Cat# 4692136001 
Api5 Rw RT-PCR ProbeFinder 2.53 AACTCATCTCTGCCAACAACTTTA #97 Cat# 4692136001 
Apobec3 
Fw 

RT-PCR ProbeFinder 2.53 CTGCTTACAAATTTTAGATACCAG
GA 

#11 Cat# 4685105001 

Apobec3 
Rw 

RT-PCR ProbeFinder 2.53 ACAGATATTTGACAGAGTGGATG
AA 

#11 Cat# 4685105001 

Bmyc Fw RT-PCR ProbeFinder 2.53 CCAAGCTGGTCTCCAAGC #64 Cat# 4688627001 
Bmyc Rw RT-PCR ProbeFinder 2.53 CGTAGCAGGCTCCACGTC #64 Cat# 4688627001 
ccnb2 Fw RT-PCR ProbeFinder 2.53 CAACCGTACCAAGTTCATCG #84 Cat# 4689062001 
ccnb2 Rw RT-PCR ProbeFinder 2.53 GAGGGATCGTGCTGATCTTC #84 Cat# 4689062001 
CD151 Fw RT-PCR ProbeFinder 2.53 CGCTCACTGGTGTTCCTAGTC #16 Cat# 4685148001 
CD151 Rw RT-PCR ProbeFinder 2.53 CTCAGAGCCACCAGATCTCA #16 Cat# 4685148001 
cdkn3 Fw RT-PCR ProbeFinder 2.53 GATGAAGAACAGACTCCAATTCA

A 
#48 Cat# 4688074001 

cdkn3 Rw RT-PCR ProbeFinder 2.53 AACCTGGAAGAGCACATAAACC #48 Cat# 4688074001 
Dph6 Fw RT-PCR ProbeFinder 2.53 CAACGTGGACGAGTAGAAAATG #19 Cat# 4686918001 
Dph6 Rw RT-PCR ProbeFinder 2.53 TCTCTCGGAGCAAATCTTCC #19 Cat# 4686918001 
Efr3a Fw RT-PCR ProbeFinder 2.53 GCTTCATGATAGACTTGCTCAAAT

A 
#52 Cat# 4688589001 

Efr3a Rw RT-PCR ProbeFinder 2.53 GTAACGGTCAATGTTCCAGATG #52 Cat# 4688589001 
Gm10169 
Fw 

RT-PCR: ProbeFinder 2.53 GCCAGAGGGGTTTCTGTCT #3 Cat# 4684982001 

Gm10169 
Rw 

RT-PCR ProbeFinder 2.53 TTCGTGCCGCTAAAAGTCAT #3 Cat# 4684982001 

Gpa33 Fw RT-PCR ProbeFinder 2.53 GTCCGCCTCTTGGTCCTT #89 Cat# 4689135001 
Gpa33 Rw RT-PCR ProbeFinder 2.53 GTTGTTCCCGATCACCATCT  #89 Cat# 4689135001 
LACC1 Fw RT-PCR ProbeFinder 2.53 TTGGCTTCATATCCCTTAGAGAA #19 Cat# 4686918001 
LACC1 Rw RT-PCR ProbeFinder 2.53 GGAAGGATGCAGGAAACATC #19 Cat# 4686918001 
Lrcc57 Fw RT-PCR ProbeFinder 2.53 AAACTTCGAGAACTAGAGGGTTA

TGA 
#76 Cat# 4688988001 

Lrcc57 Rw RT-PCR ProbeFinder 2.53 GATCCTGGAGAATATCATGCAA #76 Cat# 4688988001 
Lyrm4 Fw RT-PCR ProbeFinder 2.53 GCATTTCAGCGCCTACAATTA #2 Cat# 4685091001 
Lyrm4 Rw RT-PCR ProbeFinder 2.53 TCACCAGGGCTTGAATTTCT #2 Cat# 4685091001 
Mt2 Fw RT-PCR ProbeFinder 2.53 CATGGACCCCAACTGCTC #4 Cat# 4685008001 
Mt2 Rw RT-PCR ProbeFinder 2.53 AGCAGGAGCAGCAGCTTT #4 Cat# 4685008001 
Nr1h2 Fw RT-PCR ProbeFinder 2.53 AGCTCTGCCTACATCGTGGT #106 Cat# 4692241001 
Nr1h2 Rw RT-PCR ProbeFinder 2.53 AAGCCTTGTCTCCGCACA #106 Cat# 4692241001 
PSMF1 Fw RT-PCR ProbeFinder 2.53 CTGTGGAGAACGGCATGAT #62 Cat# 4688937001 
PSMF1 Rw RT-PCR ProbeFinder 2.53 CATCTAAGTTCAGGGTCAAGTCT

G 
#62 Cat# 4688937001 

PVR Fw RT-PCR ProbeFinder 2.53 TGACCCTTTCCCAACCCTAT #106 Cat# 4692241001 
PVR  Rw RT-PCR ProbeFinder 2.53 GAGGCCAACATACCAGTTGC #106 Cat# 4692241001 
Rbbp5 Fw RT-PCR ProbeFinder 2.53 GTAAAGTGCAGGCGGAACTC #18 Cat# 4686900001 
Rbbp5 Rw RT-PCR ProbeFinder 2.53 TTCACAGCAGTTCTGAGATGG #18 Cat# 4686900001 
Sec14l1 Fw RT-PCR ProbeFinder 2.53 CGGGTGTATAAACATCCCTTTG #46 Cat# 4688058001 
Sec14l1 Rw RT-PCR ProbeFinder 2.53 GGACATGTAGGAAACCTCCTCTC #46 Cat# 4688058001 
Sp1 Fw RT-PCR ProbeFinder 2.53 GCCCCTATTGCAAAGACAGT #103 Cat# 4692209001 



Sp1 Rw RT-PCR ProbeFinder 2.53 GCATCCTTGGATGTGACAAA #103 Cat# 4692209001 
Srd5a3 Fw RT-PCR ProbeFinder 2.53 TTCGATGTCCCCAAGAGGTA #106 Cat# 4692241001 
Srd5a3 Rw RT-PCR ProbeFinder 2.53 TCCCAGGAACAACGACTGA #106 Cat# 4692241001 
Ssh3 Fw RT-PCR ProbeFinder 2.53 TCATGGTGGAGCTGCTGA #26 Cat# 4687574001 
Ssh3 Rw RT-PCR ProbeFinder 2.53 ACCAGCAGGTAGCGAAGTCT #26 Cat# 4687574001 
Tfap2a Fw RT-PCR ProbeFinder 2.53 CAAGTACGAAGACTGCGAGGA #104 Cat# 4692217001 
Tfap2a Rw RT-PCR ProbeFinder 2.53 GCTGGTGTAGGGAGATTGACC #104 Cat# 4692217001 
Thada Fw 
 

RT-PCR ProbeFinder 2.53 TCAGGCATCTACTGATACTGGAA
C 

#82 Cat# 4689151001 

Thada Rw RT-PCR ProbeFinder 2.53 GAGACACGCCATCAAAGCTC #82 Cat# 4689151001 
Trip10 Fw RT-PCR ProbeFinder 2.53 TTTCGGGAAAAAGAACAAGC #79 Cat# 4689011001 
Trip10 Rw RT-PCR ProbeFinder 2.53 GACAGTGTGGAGGGTAGGTGA #79 Cat# 4689011001 
Ywhaz Fw RT-PCR ProbeFinder 2.53 TAAAAGGTCTAAGGCCGCTTC #71 Cat# 4688945001 
Ywhaz Rw RT-PCR ProbeFinder 2.53 CACCACACGCACGATGAC #71 Cat# 4688945001 
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