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Deleting autotaxin in LysM+ myeloid cells impairs
innate tumor immunity in models
of metastatic melanoma

Mélanie A. Dacheux,1 Derek D. Norman,1 Yoojin Shin,1 Gábor J. Tigyi,1,2,3,* and Sue Chin Lee1,2,3,4,*

SUMMARY

Autotaxin (ATX) is a lysophospholipase D that generates lysophosphatidic acid (LPA) and regulates cancer
metastasis, therapeutic resistance, and tumor immunity. We found that myeloid cells in human melanoma
biopsies abundantly express ATX and investigated its role inmodulating innate tumor immunity using two
models of melanoma metastasis—spontaneous and experimental. Targeted knockout of ATX in LysM+
myeloid cells in mice (LysM-KO) reduced both spontaneous and experimental B16-F10 melanoma metas-
tases byR 50%. Immunoprofiling revealed differences in M2-like alveolar macrophages, neutrophils and
regulatory T cells in the metastatic lungs of LysM-WT versus LysM-KO that are model-dependent. These
differences extend systemically, with LysM-KO mice bearing experimental metastasis having fewer neu-
trophils in the spleen than LysM-WT mice. Our results show that (1) LysM+ myeloid cells are an important
source of ATX/LPA that promote melanoma metastasis by altering innate tumor immunity, and (2) in-
tratumor and systemic immune profiles vary dynamically during disease progression and are model-
dependent.

INTRODUCTION

Autotaxin (ATX), encoded by the human ectonucleotide pyrophosphatase phosphodiesterase 2 (ENPP2) gene, is a lysophospholipase D

enzyme responsible for the generation of lysophosphatidic acid (LPA) from lysophospholipids. LPA is a growth factor-like lipid mediator

that activates six different G protein-coupled LPA receptors (LPAR 1–6) as well as the intracellular peroxisome proliferator-activated receptor

gamma (PPARg). ATX is produced and secreted not only by cancer and cancer stem-like cells, but also by stromal and immune cells that are

present in the tumormicroenvironment (TME).1–3 The ATX-LPA-LPAR signaling axis is upregulated in many aggressive forms of cancer, where

it is associated with metastatic progression, therapeutic resistance, and poor prognosis.4,5

There is growing evidence that ATX and LPA play a profound role inmodulating tumor immunity. Patients with stage IVmelanomawho are

refractory to immunotherapy were found to have higher levels of LPA.6 Likewise, the levels of ATX and LPAwere elevated in amousemodel of

non-small cell lung cancer that developed resistance to anti-PD-L1 immunotherapy. By combining an ATX inhibitor with anti-PD-1 immuno-

therapy, the anti-tumor immune response in these mice was restored.7 Bioinformatic analysis revealed that ATX expression in human mela-

noma tumors is linked to an exhausted cytotoxic T lymphocyte (CTL) signature.6 Furthermore, high levels of ATX and LPA in the TME suppress

the infiltration of CTLs into the tumor regions.7,8 Both naive CD8+ T lymphocytes and CTLs express LPAR5 and LPAR6. LPAR5 impairs CTL

killing function by blocking the formation of the immunological synapse, whereas LPAR6 inhibits the motility and migration of CTLs

in vitro.8–11 Altogether, these studies suggest that the ATX-LPAR signaling axis impedes adaptive tumor immunity.

One of the most common causes of immunotherapy failure is the establishment of an immunosuppressive TME. This is driven in part by

cells of the myeloid lineage that acquire a tumor-promoting phenotype.12,13 Myeloid cell populations in the TME that help tumor cells evade

immune surveillance and contribute to cancer progression and metastasis include tumor-associated neutrophils (TANs), tumor-associated

macrophages (TAMs), dendritic cells (DCs), eosinophils, and myeloid-derived suppressor cells (MDSCs).13 However, there has been little

investigation of the role of ATX in modulating innate immune responses against cancer. One study reported that TAMs in the ascites of

ovarian cancer have high ATX expression,14 whereas another showed that deletion of ATX in macrophages diminishes the formation of early

lung neoplastic lesions.15 More recently, ATX has been shown to suppress eosinophil infiltration into tumor regions in a mouse model of

pancreatic cancer.16

In the present study, we provide evidence that ATX is abundantly expressed in both human and mouse myeloid cells. Deleting ATX in

LysM+ myeloid lineage cells (LysM-KO mice) substantially reduced the metastatic burden of B16-F10 melanomas by R 50% compared to
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LysM-WT mice in two models of metastasis—spontaneous metastasis model (SMM) and experimental metastasis model (EMM). We found

that LysM-KO mice bearing spontaneous metastasis had fewer M2-like alveolar macrophages than LysM-WT mice. Next, we evaluated dif-

ferences in immune cell profiles in EMM at two time points: day 10 (D10) and D18, which reflects mid- and late-stage metastasis, respec-

tively. At D10 of EMM, LysM-KO mice had more M2-like alveolar macrophages, but fewer neutrophils and regulatory T cells (Tregs) than

LysM-WT mice. The decrease in neutrophil numbers in the lungs of LysM-KO mice persisted to D18 (EMM). Interestingly, we found that

metastasis-associated macrophages (MAMs), identified by the markers17 F4/80+Ly6G�CD11b+++Ly6C�/lo, were only present in the lungs of

mice bearing experimental metastases at D18. LysM-WT mice were found to have higher number of MAMs in the lungs compared to LysM-

KO mice. Differences in myeloid cell populations were also noted systemically, with LysM-KO mice having fewer neutrophils in the

spleen than LysM-WT mice. These observations suggest that ATX derived from both macrophages and neutrophils may play differential

roles in the metastatic cascade. In both SMM and EMM, LysM-KO mice had decreased levels of 18:2- and 20:4-LPA when compared to

LysM-WT mice, indicating that LysM+ myeloid cells could be a potential source for these LPA species. Altogether, our findings identify

LysM+ myeloid cells as a source of ATX and LPA that promotes the development of melanoma metastasis by impairing innate tumor

immunity.

RESULTS
ATX is expressed in myeloid lineage cells present in primary and metastatic human melanoma biopsies

We first investigated if ATX is expressed in myeloid cells infiltrating humanmelanoma tumors by analyzing two independent single-cell RNA-

seq datasets (scRNA-seq) from the Single Cell Portal database (RRID:SCR_014816).18,19 The first scRNA-seq dataset was chosen because it has

been previously reported that high intratumoral ATX expression (by melanoma tumors and cells of the TME) correlated with reduced CD8

T cell infiltration. UsingCD11b/ITGAMas a panmyeloidmarker, we found that ATX is abundantly expressed inmyeloid cells infiltrating human

melanoma tumors (Figure 1A).18 Similar results were obtained in a second scRNA-seq dataset comprising of melanoma patients treated with

immune checkpoint inhibitors (Figure 1B).19 To complement these findings, we performed double immunofluorescence staining and found

that ATX colocalized with myeloid cells in both primary and metastatic human melanoma biopsies (Figure 1C).

Deletion of ATX in LysM+ myeloid cells reduces the number of spontaneous and experimental melanoma lung metastases

without affecting primary melanoma growth

To determinewhether ATX derived from innate immune cells affectsmelanomaprogression, we conditionally deletedATX inmyeloid lineage

cells by crossing Enpp2fl/fl mice with B6.129P2-Lyz2tm1(cre)Ifo mice that express Cre recombinase under the control of the lysozyme 2 promoter

(LysM). Knockout (KO) of ATX was verified in myeloid cells purified from the bonemarrow of LysM-WT or LysM-KOmice by immunoblot. ATX

protein was below detectable levels in LysM-KO cells compared to LysM-WT cells (Figure S1A). As ATX is a secreted enzyme, we also

measured the enzyme activity and protein levels in the supernatants of isolated myeloid cells. ATX activity and protein were 70% lower in

the supernatant of LysM-KO cells compared to WT cells (Figures S1B and S1C). Interestingly, we observed a 50% reduction of ATX protein

in the plasma of LysM-KOmice relative to LysM-WTmice (Figure S1D), indicating that deletion of ATX in LysM+myeloid cells also reduced the

levels of circulating ATX by half.

Using this mouse model, we first investigated the role of myeloid cell-derived ATX in the growth of B16-F10 primary tumors in both

male and female mice. TdTB16-F10 cells were injected subcutaneously into LysM-WT and LysM-KO mice of both sexes, and tumor growth

was measured on days (D) 4, 7, 9, 11 and 14 post-inoculation (Figure 2A). We observed no differences in the growth rate or size of primary

tumors between LysM-WT and LysM-KO mice in both sexes (Figures 2B, 2C, S1E, and S1F). One advantage of using the subcutaneous B16-

F10 model is that it emulates the orthotopic spread of melanoma by invading the basement membrane and developing spontaneous lung

metastases (i.e., SMM). On D14, the lungs from these mice were removed and examined under a fluorescence microscope to detect spon-

taneous lung metastases. We found that the number of spontaneous lung metastases was significantly reduced by �55% in LysM-KO mice

compared to LysM-WT mice in both sexes (Figures 2D and S1G; p < 0.05). As several publications have reported sex-based differences in

immune response to inflammation and cancer, we decided to only conduct our studies in female mice from this point onward.20–22

We expanded our observations to include the EMM, another model that is commonly used to study metastatic progression. TdTB16-F10

cells were injected intravenously into LysM-WT and LysM-KOmice. Lungs were excised onD1, D3, D10, andD18 to investigate if deletingATX

in myeloid cells affects the early-, mid-, and/or late-stagemetastatic process (Figure 2E). Similar to the results of the SMM, we observed a 50%

reduction in the number of lung metastases in LysM-KOmice relative to LysM-WT mice at D10 and D18, but not at D1 or D3 (Figures 2F and

2G; p < 0.05 and p < 0.0001). These findings suggest that ATX derived frommyeloid cells may not alter the initial seeding or arrest of B16-F10

cells in the lungs but has a greater impact on the mid-to late-stage metastatic process.

Figure 1. Expression of ATX in CD11b+ myeloid cells in primary and metastatic human melanomas

T-distributed stochastic neighbor embedding (t-SNE) plots of ENPP2 (ATX) and ITGAM (CD11b) expression, and corresponding immune cell populations in

(A) human melanoma tumors and (B) melanoma tumors treated with checkpoint inhibitors. T-SNE plots were generated using the Single Cell Portal (https://

singlecell.broadinstitute.org/single_cell). NK, natural killer cells; CAF, cancer associated fibroblasts.

(C) Representative immunofluorescence staining of ATX andCD11b in human primary (TriMetis #111889 634A1; #111699 594A1) andmetastatic (TriMetis #109960

335B2; #111850 618A3) melanoma sections. Nuclei were counterstained for DAPI (blue), and cells were stained for CD11b (red; TRITC channel) and ATX (green;

FITC channel). Merged images of all three stains are shown in the fourth panel (left). White scale bars represent 1000 mm.
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Figure 2. ATX deletion in LysM+ myeloid cells reduced the number of melanoma lung metastatic nodules but had no effect on primary tumor growth

(A) Schematic of spontaneous metastasis model (SMM).

(B) No difference in primary tumor growth (size in mm3) between LysM-WT and LysM-KO female mice from D0 to D14.
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LysM-WT mice present increased levels of 18:2- and 20:4-LPA during metastatic progression compared to LysM-KO mice

Heterozygous germline ATX-KO mice possess plasma ATX activity and LPA levels that are half that of WT mice.23 Conditional KO of ATX in

adipocytes leads to a 90% reduction of ATX in white and brown adipose tissue, accompanied by a 38% reduction in levels of plasma LPA.24 To

investigate whether KO of ATX in LysM+ myeloid cells altered plasma LPA levels, we measured the levels of multiple LPA acyl species (16:0-

LPA, 18:0-LPA, 18:1-LPA, 18:2-LPA, and 20:4-LPA) in the plasma of LysM-WT and LysM-KO mice under naive conditions (i.e., non-tumor

bearing mice) and also at various time points of the SMM and EMM (Figure S2). We found that the total concentration of LPA species to

be the same in both genotypes, irrespective of whether the mice had tumors or not (Figure 3A). However, an increase in the plasma concen-

trations of 18:2-LPA and 20:4-LPA was observed in tumor bearing mice compared to naive mice, with the concentration of these two LPA

species being significantly lower in LysM-KO mice than in LysM-WT mice. (Figures 3B and 3C; p < 0.05 and p < 0.01).

We also examined the levels of pro- and anti-inflammatory cytokines in the plasma of LysM-WT and LysM-KOmice in both SMMand EMM.

Out of the 13 cytokinesmeasured, we observed significant decrease in the concentrations of IL-12p70, IL-27, and IL-17A in the plasmaof LysM-

KO mice compared to LysM-WT mice only at D18 of EMM, but not at D10 (EMM) or D14 (SMM) (Figures 3D, 3E, and 3F; p < 0.05). No differ-

ences in the levels of the remaining 10 cytokines were observed between the genotypes (Figure S3).

The immune cell landscape in the lungs and spleens differs in tumor-bearing LysM-KO mice

To better understand the cellularmechanisms responsible for the difference inmetastatic progression between LysM-WT and LysM-KOmice,

we used flow cytometry to profile the immune cell populations present in the lungs and spleens of these mice. The gating strategy to distin-

guish distinct myeloid, lymphoid, and natural killer (NK) cell populations are shown in Figures S4–S7, with the markers used to identify each

immune cell population listed in Table S1. First, we analyzed the populations of immune cells in the lungs of LysM-WT and LysM-KOmice that

developed spontaneous metastases. At D14, the lungs of LysM-KO mice had 40% fewer M2-like alveolar macrophages than LysM-WT mice

(Figure 4, LUNG D14 SMM panel; p < 0.05 for absolute cell numbers). Although a similar trend was observed for cell percentages, it did not

reach statistical significance. In contrast, LysM-KOmice bearing experimental metastasis had higherM2-like alveolar macrophages, but fewer

neutrophils and Tregs than LysM-WTmice at D10 (Figure 4, LUNGD10 EMMpanel; p < 0.05, p < 0.01 and p < 0.001). The decrease in neutro-

phil numbers in the lungs of LysM-KOmice persisted to D18 (EMM), whereas alterations in M2-like alveolar macrophages and Tregs subsided

(Figure 4, LUNG D18 EMM panel; p < 0.01 and p < 0.001). Although there was no difference in neutrophil counts between LysM-WT versus

LysM-KO mice in SMM, the neutrophil counts in the lungs of LysM-WT mice with experimental metastasis were 2-fold higher than those of

LysM-WT mice bearing spontaneous metastasis.

Metastasis associated macrophages (MAMs) have been shown to accumulate in the metastatic lungs of tumor-bearing mice and play

important roles in metastatic progression.17,25 We profiled for MAMs using the published17 markers F4/80+Ly6G�CD11b+++Ly6C-/lo and

found that MAMs only accumulated in the lungs of mice at D18 (EMM), but not at D10 (EMM) or D14 (SMM). Specifically, LysM-KO mice

had significantly fewer MAMs compared to LysM-WT mice at D18 (Figure 5; p < 0.05). We observed no differences between the two geno-

types in the levels of other immune cell types measured, including dendritic cells, eosinophils, and NK cells (Figure S8). Of note, we also

looked at exhausted CD8+ T cells but the cell number for this population was too low to make any reasonable interpretation.

Next, we examined alterations in immune cell population in the spleen. No differences in myeloid cell populations were observed in the

spleen of LysM-WT versus LysM-KOmice in SMM (Figure 6, SPLEEN D14 SMM panel). In contrast to the lungs, only alterations in neutrophils

were seen in the spleen of mice at D10 throughout D18 of EMM (Figure 6, SPLEEN D10 and D18 EMM panels; p < 0.01). Although there ap-

pears to be a trend of fewer M2-like Lyc6lo monocytes/macrophages in the spleen of LysM-KOmice at D10, the difference was not statistically

significant in terms of absolute numbers. Similar to the lungs, LysM-WTmice with experimental metastasis had higher number of neutrophils

in the spleens than LysM-WT mice with spontaneous metastasis.

DISCUSSION

Our initial finding that ATX is abundantly expressed bymyeloid cells in human andmousemelanomas prompted us to focus our investigation

on the role of ATX in modulating innate tumor immunity. Here, we show that deleting ATX in LysM+ myeloid cells reduces the formation of

melanomametastases but not primary tumor growth. There are conflicting reports in the literature regarding the involvement of ATX in regu-

lating tumor growth. While we and others have demonstrated that pharmacological inhibition of ATX had no effect on the growth of murine

Figure 2. Continued

(C) No difference in primary tumor weight (in g) at D14 between the two genotypes.

(D) LysM-KO female mice had 55% fewer spontaneous lung micro-metastases than LysM-WT female mice. The panels on the right of the graph show

representative images of lung micro-metastases.

(E) Schematic of experimental metastasis model (EMM). (F and G) The number of metastatic lung nodules in the EMM at D1, D3, D10 and D18 were quantified

either by fluorescence microscopy (D1 and D3) or by eye (D10 and D18). No differences were observed in the number of metastatic lung nodules at D1 between

LysM-WT and LysM-KO mice. At D3, a 23% reduction in metastatic lung nodules was found in LysM-KO mice but did not achieve statistical significance. At D10

and D18, LysM-KOmice had 50% reduction in the number of metastatic lung nodules compared to LysM-WTmice. White scale bars represent 100 mm. N number

of mice is represented by individual black (WT) and red (KO) dots in the graphs. Each group has a minimum of 8 mice per genotype. Statistical analysis was

performed using unpaired t-test for (D) and two-way ANOVA with Sidak’s multiple comparison test for (F and G). Values with *p < 0.05 and ****p < 0.0001

are considered to be statistically significant. All data shown are mean G SEM.
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Figure 3. LPA species and cytokine measurements in the plasma of LysM-WT and LysM-KO mice

(A–C) LPA species in EDTA-plasma from naive non-tumor bearingmice, mice from the SMM at D14, or mice from the EMMat D10 or D18 were measured bymass

spectrometry. Plasma collected from LysM-WT and LysM-KOmice from 3 independent experiments were pooled for the analyses (WT n = 10; KO n = 10) and ran

as 5 technical replicates. (A) Total plasma LPA levels were the same between LysM-WT and LysM-KOmice under naive conditions, and at the different time points
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primarymelanoma and lung cancer inmice,7,26 other studies showed that ATX inhibitors effectively suppress the growth of breast and pancre-

atic tumors in mice.27–30 Thus, the effect of ATX on tumor growth appears to vary depending on the type of tumor.

All previous studies, including ours, have consistently shown that inhibiting ATX either by pharmacological interventions or genetic

approaches has a more profound impact on metastasis rather than primary tumor growth.26–29,31,32 Over the past decade, the focus of

ATX-LPA research has transitioned from a cancer cell-centric model to a TME-focused view.33 Cells of the TME that play a significant role

in promoting cancermetastasis have emerged as a crucial source of ATX. For example, inhibiting platelet-derivedATX suppressedmetastasis

of human breast cancer to the bone.34 Furthermore, we demonstrated that ATX derived from alveolar type-II epithelial pneumocytes reduced

the metastasis of melanoma tumors with low ATX expression and not tumors with high ATX expression.35 Whereas adipocytes are a major

producer of ATX in the TME of breast carcinomas,36–38 deleting ATX in adipocytes had no effect on breast cancer growth and metastasis in

mice.28 In the present study, LysM+ myeloid cells were found to be an important source of ATX and LPA in melanoma and a driver of met-

astatic progression in mice.

When comparing ATX protein levels in the plasma of LysM-WT and LysM-KO mice, we discovered that circulating ATX levels were 50%

lower in LysM-KO mice. However, we found no difference in total plasma LPA levels between the two genotypes under naive conditions.

To understand this discrepancy, we examined whether myeloid cells from LysM-WT and LysM-KOmice differed in their expression of mem-

brane-associated phosphatidic acid (PA)-selective phospholipase A1 (mPA-PLA1a and mPA-PLA1b), which can generate LPA from PA.39 We

found that myeloid cells do not express mPA-PLA1b, which is not surprising as mPA-PLA1b has been reported to be expressed exclusively in

human testes.39 The expression of mPA-PLA1awas increased in CD11b+myeloid cells from LysM-KOmice compared to LysM-WTmice (Fig-

ure S9). However, the extent of mPA-PLA1a contribution to LPA levels in the plasma has not been investigated before, and its expression has

mainly been found in hair follicles.39 We also looked at the expression of LPP family of enzymes that are known to degrade LPA. Of these,

CD11b+ myeloid cells from LysM-KO mice appear to have higher levels of LPP1 and LPP3 transcripts compared to LysM-WT mice. Studies

have shown that genetic disruption of LPP1 in mice globally, or specific deletion of LPP3 in liver, moderately elevated plasma LPA levels.40,41

Our finding that CD11b+ myeloid cells lacking ATX expression have higher mPA-PLA1a, LPP1, and LPP3 expressions could not explain the

lack of changes in total plasma LPA levels between LysM-WT and KO mice. To answer these questions, further investigation is needed into

additional mechanisms or cell types that could account for the lack of differences in total LPA levels despite a 50% reduction in circulating ATX

in LysM-KO mice.

Nonetheless, we found that tumor inoculation increased plasma levels of 18:2- and 20:4-LPA in both LysM-WT and LysM-KO mice. Inter-

estingly, mice with bone cancer exhibit elevated serum levels of 18:1-, 18:2-, and 20:4-LPA, relative to those in naive mice.42 Similarly, high

levels of 20:4-, 18:2-, and 16:0-LPA were detected in the ascites of ovarian cancer patients, where patient-derived TAMs, but not tumor cells,

were the primary source of 20:4-LPA in the ascites fluid.14 Of note, we found that the levels of 18:2- and 20:4-LPA were significantly lower in

LysM-KOmice than in LysM-WTmice at D14 (SMM) and D10 (EMM), whereas at D18 (EMM), only the levels of 20:4-LPA were decreased in the

KO animals. Thus, it will be of interest to determine whether TAMs isolated from LysM-KO mice produce lower amounts of 18:2- and/or

20:4-LPA.

No significant differences in the circulating levels of 10 pro- and anti-inflammatory cytokines were observed between the two genotypes.

Only at D18 (EMM) did we see a slight decrease in the levels of IL-17A, IL12p70, and IL-27 in LysM-KOmice. This was an unexpected finding, as

we anticipated greater differences in cytokines given the 50% reduction in metastatic burden in LysM-KOmice. Interestingly, IL-17A and IL-27

are involved in modulating the functions of macrophages, neutrophils, andMDSCs, playing both pro- and anti-tumorigenic roles.30,43,44 IL-12

exhibits anti-tumor activity and is being explored currently as a target for cancer immunotherapy.45

We found that deleting ATX in LysM+myeloid cells was accompanied by differential changes in the immune cell landscape between SMM

versus EMM, and also between the metastatic lungs and spleen. In SMM, fewer M2-like macrophages were found in the lungs of LysM-KO

mice compared to LysM-WT mice. Whereas in the EMM, LysM-KOmice had more M2-like alveolar macrophages, but fewer neutrophils and

Tregs than LysM-WTmice at D10. However, only neutrophils remained low at D18 (EMM) revealing the dynamic change in the immune land-

scape as the tumor progresses. Interestingly, we found that MAMs accumulated in the lungs of mice only at D18 (EMM), with LysM-KOmice

having fewer MAMs than LysM-WT mice (Figure 5). We hypothesize that MAM accumulation may be more pronounced in late-stage metas-

tasis (D18), when the disease is more advanced. MAMs have been reported to support the growth of breast cancer tumors at the metastatic

niche by suppressing the anti-tumor response of cytotoxic CD8+ T cells and NK.17,25

The spleen may function as a reservoir for immune cells that can influence tumor progression. In a mouse model of lung adenocarcinoma,

tumor-promoting neutrophils have been shown to migrate from the spleen to tumor.46 In our study, we found no alterations in myeloid cell

populations in the spleens of LysM-WT and LysM-KO mice in SMM. In contrast, neutrophil counts were significantly lower in the spleen of

LysM-KO mice at D10 throughout D18 in EMM. An interesting observation was that neutrophil counts were higher in both the lungs and

spleens of LysM-WT mice bearing experimental metastasis compared to LysM-WT mice bearing spontaneous metastasis. It is possible

Figure 3. Continued

andmetastasis models tested. (B) At D14 and D10, we detected decreased levels of 18:2-LPA in the plasma of LysM-KOmice. (C) At D14, D10, and D18, LysM-KO

mice exhibited decreased levels of 20:4-LPA relative to LysM-WTmice. Statistical analysis was performed withMann-Whitney test where *p< 0.05 and **p< 0.01.

(D–F) Cytokine measurements in plasma from LysM-WT and LysM-KOmice bearing spontaneous or experimental lung metastases (n = 10 mice per genotype at

minimum). Shown here are measurements for (D) IL-12p70, (E) IL-27, and (F) IL-17, where no changes were observed between the genotypes at D14 and D10.

Whereas at D18, levels of all three cytokines were significantly higher in LysM-WT mice compared to LysM-KO. Data shown are mean G SEM. Statistical

analysis was performed with unpaired t-test with *p < 0.05.
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Figure 4. Immune cell profiles in the lungs of LysM-WT and LysM-KO mice from both SMM and EMM

Differences in immune cell populations in the lungs at D14 (Top panel), D10 (Mid panel), and D18 (Bottom panel). Data is expressed as mean of percentages of

CD45+ for myeloid population or CD3+ for lymphoid populationGSEM, with corresponding absolute cell number (per 200,000 total viable cells) shown below. N
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that neutrophil accumulationmay bemore pronounced whenmetastatic nodules are more numerous and developed at D10 and D18 (EMM),

compared to D14 (SMM). Another possible reason could be due to the bolus injection of a large number of tumor cells given intravenously in

the EMM that may trigger a host response that differs from the gradual invasion of tumor cells from the primary tumor into the circulation. In

this regard, a similar finding of neutrophilia in the lungs of mice with experimental melanoma metastasis was recently reported and found to

promotemetastatic progression.47 Thus, it would be of interest to study if the increase in neutrophils seen in themetastatic lungs of LysM-WT

mice originated from spleen, and whether deleting ATX in neutrophils could impair this process resulting in fewer metastasis in the lungs of

LysM-KO mice.

Figure 4. Continued

number of mice is represented by individual black (WT) and red (KO) dots in the graphs. Each group has at least a minimum of 9 mice per genotype. Statistical

analysis was performing with unpaired t-test with *p < 0.05, **p < 0.01, and ***p < 0.001 are considered to be statistically significant, whereas values denoted by

ns are not.

Figure 5. Accumulation of MAM population at D18 (EMM) in LysM-WT mice

After collection and digestion of the lungs, red blood cells were lysed, and the remaining cells were stained and fixed in PBS 2% formalin. Flow cytometry was

performed using a 10-color antibody-panel. Dead cells were excluded and live single cells (Zombie Green-) were analyzed for surface expression of CD45. MAM

population (red boxes) was identified using the following markers F480+ Ly6G� CD11b+++ Ly6C�/lo. MAM population at D14 (Top panel), D10 (Mid panel), and

D18 (Bottom panel). Left panels: representative flow cytometry gating of MAM population. Right panels: MAMs shown as percentages of CD45+ cells and

absolute cell number (per 200,000 total viable cells). N number of mice is represented by individual black (WT) and red (KO) dots in the graphs. Each group

has a minimum of 9 mice per genotype. Statistical analysis performed with unpaired t-test. Data shown as mean G SEM where *p < 0.05 is considered

statistically significant.
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Although not in the context of cancer, several studies have reported that LPA promotes neutrophil polarization and motility.48–50 More-

over, ATX expression is found in close proximity to neutrophil extracellular traps (NETs) in human pulmonary thrombus biopsies, and that LPA

treatment of human neutrophils induces the formation of NETs in vitro.51 In contrast, a recent study reported that activation of LPAR3 by LPA

suppresses the formation of NETs in a mouse model of sepsis.52 In terms of macrophage function, studies have reported that LPA induces

differentiation of human CD34+ stem cells to myeloid cells and converts mouse and human monocytes to macrophages via activation of

PPARg.53,54 LPA-mediated Akt/mTOR signaling is also critical for macrophage development in mice.54 In contrast, the loss of ATX expression

in LysM+ myeloid cells impairs toll-like receptor 4 (TLR4) signaling and disrupts the phagocytic function of macrophages, thereby increasing

the severity of inflammatory bowel disease.55 These studies highlight a gap in our knowledge of how ATX and LPA modulate neutrophil and

macrophage function in cancer.

Lastly, although EMM is useful for studying the early to late stages of the metastatic cascade, especially when modeling tumors that show

long latency in developing spontaneous metastases, it does not recapitulate two critical processes of the metastatic cascade: (1) the extrav-

asation of cancer cells from the primary tumor into the circulation and (2) the establishment of a premetastatic niche, which is aided in part by

secreted factors produced by the primary tumor.56 Thus, the differences in the immune cell profiles between the two metastatic models that

we observed in our current study could be attributed to this. Furthermore, intratumor heterogeneity can diverge in metastatic tumors that

arise spontaneously versus those induced experimentally, which could influence the immune landscape of the TME.57,58

In summary, we show that ATX derived from LysM+myeloid cells can regulate innate anti-tumor responses to promote metastasis of mel-

anoma to the lung. Our findings extend the immunomodulatory functions of ATX-LPA from adaptive to innate tumor immunity, making this

signaling pathway a viable therapeutic target for cancer immunotherapy. Additionally, immunological snapshots taken at various stages of

tumor progression reveal dynamic changes in the anti-tumor immune response that will have to be taken into consideration in the study

design of subsequent metastasis models.

Limitations of the study

We acknowledge that our current study has several limitations. First, we did not resect the subcutaneous primary tumor to allow for sponta-

neous micro-metastases to progress to advanced late-stage metastases and compare the results to those of the EMM. Despite this, the

observation that deleting ATX in LysM+ myeloid cells reduced both spontaneous and experimental metastases suggests that ATX derived

from myeloid cells serves as an important regulator of innate tumor immunity that controls metastatic progression. Second, the specificity of

LysM-Cre is not limited to macrophages and neutrophils only. Publication by the Jackson Laboratory showed that LysM is expressed by 60–

80% of neutrophils in spleen, peripheral blood, and bone marrow. About 90–100% of alveolar or peritoneal macrophages express LysM,

whereas only 40% of mature macrophages in spleen were LysM positive. In addition, a minor population of CD11c+ dendritic cells, as well

as alveolar type-II epithelial pneumocytes in mice also expresses LysM.59 This is one of the reasons why we performed a comprehensive im-

munoprofiling that includes neutrophils, eosinophils, dendritic cells, monocytes, and macrophages in order to account for differences that

may arise in these cell populations as a result of LysM-Cre mediated ATX deletion. The contribution of ATX from alveolar type-II epithelial

pneumocytes on melanoma metastasis has been addressed in our previous publication, where ATX produced from these cells affects the

metastasis of melanoma tumors with low ATX expression rather than tumors with high ATX expression.35 Third, the mechanism by which

ATX-deleted macrophages and neutrophils suppress melanoma lung metastasis warrants further investigation.
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Brilliant Violet 510 anti-mouse CD45

(clone 30-F11)

BioLegend Cat#103138; RRID: AB_2561392

Alexa Fluor 700 anti-mouse/human

CD11b+ (clone M1/70)

BioLegend Cat#101222; RRID: AB_493705

Brilliant Violet 785 anti-mouse CD11c

(clone N418)
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BioLegend Cat#100237; RRID: AB_2562039

Brilliant Violet 510 anti-mouse NK1.1
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BioLegend Cat#108738; RRID: AB_2562217

Allophycocyanin anti-mouse/rat/human CD27

(clone LG.3A10)

BioLegend Cat#124211; RRID: AB_1236460

Alexa Fluor 488 anti-mouse/human CD11b+

(clone M1/70)

BioLegend Cat#101219; RRID: AB_493545

Allophycocyanin/Cyanine7 anti-mouse CD4

(clone GK1.5)

BioLegend Cat#100413; RRID: AB_312698

PerCP-Cyanine5.5 anti-mouse CD8

(clone 53-6.7)

BioLegend Cat#100733; RRID: AB_2075239

Brilliant Violet 421 anti-mouse CD107a

(LAMP-1, clone 1D4B)

BioLegend Cat#121617; RRID: AB_10896064

Alexa Fluor 700 anti-mouse FoxP3

(clone MF-14)

BioLegend Cat#126421; RRID: AB_2750492

PE/Cyanine7 anti-mouse CD25 (clone 3C7) BioLegend Cat#101915; RRID: AB_2616761

PE/Dazzle594 anti-mouse CD279 (PD-1, clone

29F.1A12)

BioLegend Cat#135227; RRID: AB_2566005

Brilliant Viollet 785 anti-human CD366

(Tim-3, clone F38-2E2)

BioLegend Cat#345031; RRID: AB_2565832

Allophycocyanin anti-mouse Ly108 (CD352,

clone 330-AJ)

BioLegend Cat#134609; RRID: AB_2728154

Rat anti-4F1 ATX primary antibody Gift from Dr. Junken Aoki, University of Tokyo;

Available on MBL International

Cat# D323-3, RRID: AB_2819353
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Continued
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Goat anti-rat HRP secondary antibody Thermo Fisher Scientific Cat#31470, RRID: AB_228356

Mouse anti-actin primary antibody Sigma-Aldrich Cat#MAB1501, RRID: AB_2223041

HPR-conjugated goat anti-mouse secondary

antibody

Thermo Fisher Scientific Cat#31430, RRID: AB_228307

Rabbit anti-CD11b primary antibody Thermo Fisher Scientific Cat#PA5-90724, RRID: AB_2806205

Goat anti-rat Alexa Fluor 488 secondary

antibody

Thermo Fisher Scientific Cat#A-11006, RRID: AB_2534074

Goat anti-rabbit Alexa Fluor 568 secondary

antibody

Thermo Fisher Scientific Cat#A-11011, RRID: AB_143157

Biological samples

Human primary melanoma Trimetis Life Sciences Cat#111889 634A1

Human primary melanoma (neck) Trimetis Life Sciences Cat#111699 594A1

Human metastatic lung melanoma Trimetis Life Sciences Cat#111850 618A3

Human metastatic liver melanoma Trimetis Life Sciences Cat#109960 335B2

Chemicals, peptides, and recombinant proteins

Polybrene Sigma-Aldrich Cat#TR-1003

Human recombinant ATX protein Expressed and purified in house (UTHSC) N/A

16:0-LPA Avanti Polar Lipids Cat#857123

17:0-LPA Avanti Polar Lipids Cat#857127

18:0-LPA Avanti Polar Lipids Cat#857128

18:1-LPA Avanti Polar Lipids Cat#857130

18:2-LPA Avanti Polar Lipids Cat#857138

20:4-LPA Avanti Polar Lipids Cat#857125

Critical commercial assays

Platinum� Direct PCR Universal Master Mix kit Invitrogen Cat#A44647500

HyStem� Hydrogel Kit Advanced Biomatrix Cat#GS311F

CD11b MicroBeads, human and mouse kit Miltenyi Biotec Cat#130-097-142

Super SignalTM West Atto Ultimate Sensitivity

Substrate kit

Thermo Fisher Scientific Cat#A38555

Hematoxylin & Eosin stain kit Vector Laboratories Cat#H-3502

Lung Dissociation Kit Miltenyi Biotec Cat#130-095-927

Zombie Green fixable viability kit BioLegend Cat#423112

Foxp3/Transcription Factor Staining Buffer Set Invitrogen Cat#00-5523-00

LEGENDPlex� Mouse Inflammation Panel

(13-plex)

BioLegend Cat#740446

RNeasy RNA Extraction Micro Kit Qiagen Cat#74044

RevertAid Reverse Transcriptase Kit Thermo Fisher Scientific Cat#K1691

PowerUp Sybr Master Mix Thermo Fisher Scientific Cat#A25742

Deposited data

Raw iwestern blots images Mendeley Data https://doi.org/10.17632/td7h8w9s32.1

T-distributed stochastic neighbor embedding

(t-SNE) plots

Single Cell Portal18,19 https://singlecell.broadinstitute.org/single_

cell

Experimental models: Cell lines

Murine: B16-F10 ATCC Cat# CRL-6475�; RRID: CVCL_0159

Murine: TdTomato B16-F10 (TdTB16-F10) This paper N/A
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EXPERIMENTAL MODELS AND HUMAN MATERIALS

Human materials

Blocks of human primary or metastatic melanoma tumors were obtained from TriMetis Life Sciences (Germantown, TN, USA; Table S2 in-

cludes the list of cases shown in Figure 1).

In vivo mouse models

All animal procedures were approved by the University of Tennessee Health Science Center (UTHSC) Institutional Animal Care and Use Com-

mittee (IACUC) and were in accordance with the Guide for the Care and Use of Laboratory Animals. B6.129P2-Lyz2tm1(cre)Ifo/J mice (LysMcre)

were obtained from The Jackson Laboratory (RRID:IMSR_JAX:004781; Bar Harbor, ME). Enpp2 floxed mice (ATXfl/fl that possess loxP sites

flanking exons 6 and 7 of the Enpp2 gene) were a gift from Dr. Wouter H. Moolenaar (The Netherlands Cancer Institute, Amsterdam, NL).

Where indicated, all mouse experiments were performed using either female ormalemice (2 to 4months old) maintained in individually venti-

lated cages under specific pathogen-free conditions. LysMcre mice were crossed with ATXfl/fl mice to generate mice of the following geno-

types: LysMcre ATXfl/fl (abbreviated as LysM-KO) from which ATX is deleted in myeloid cells and littermate age-matched LysM-Cre, ATXWT

(abbreviated as LysM-WT) serving as WT controls. Genotyping was performed using the Platinum� Direct PCR Universal Master Mix (Invitro-

gen; San Diego, CA, USA). Primers used are listed in Table S3.

Melanoma cell lines

Murine B16-F10 melanoma cells (ATCC Cat# CRL-6475�, RRID:CVCL_0159) were cultured in Minimum Essential Medium (MEM; Thermo-

Fisher Scientific) supplemented with 5% heat-inactivated Fetal Bovine Serum (FBS; Cytiva; Marlborough, MA, USA), 2 mM of L-glutamine

(Thermo-Fisher Scientific), 1% MEM-sodium pyruvate (Thermo-Fisher Scientific), 1% MEM-vitamins (Thermo-Fisher Scientific), and 1%

MEM non-essential amino acids (NEAA; Thermo-Fisher Scientific). Cells were cultured in a humidified incubator at 37�C and 5% CO2. All

cell stocks were tested to be negative for mycoplasma contamination. For all in vivo experiments, a fresh aliquot of B16-F10 cell stock was

thawed and cultured for at least two passages (�5 days) before being inoculated into mice.

To generate B16-F10 cells that expressed a tandem dimer (Td) of the red fluorescent protein Tomato (TdTB16-F10), 6x104 B16-F10 cells

were plated per well of a 12-well plate and transduced with EF1a-TdTomato lentiviruses (Cat # SL100289, SignaGen Laboratories; Frederick,

MD, USA) in the presence of 6 mg/mL polybrene (Sigma-Aldrich, Saint-Louis, MO, USA). The optimal multiplicity of infection (MOI) was deter-

mined according to the manufacturer’s protocol and an MOI of 40 was selected for transduction of B16-F10 cells. After transduction, cells

were cultured for an additional four days before sorting for TdTomato-positive B16-F10 cells using a FACSAria Cell Sorter (BD Biosciences;

Franklin Lakes, NJ, USA). Sorted cells were further validated for TdTomato expression with a Nikon Eclipse Ti-U inverted fluorescence micro-

scope (Nikon Instruments Inc., Melville, NY, USA).

METHOD DETAILS

Sample collection

Blood was collected in EDTA-coated tubes (Sarstedt; Nümbrecht, Germany), centrifuged and plasma was rapidly isolated and stored at

-80�C. Metastatic nodules on the lung surface were counted either visually or microscopically using a Nikon TiU inverted fluorescence micro-

scope (Nikon Instruments Inc.; Melville, NY, USA). Lungs were inflated and stored in either 10% buffered formaldehyde (Thermo-Fisher

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Mus musculus/B6.129P2-Lyz2tm1(cre)Ifo/J The Jackson Laboratory, JAX stock #018956 RRID:IMSR_JAX:018956

Mus musculus/ATXfl/fl Gift from Dr. Wouter H. Moolenaar, The

Netherlands Cancer Institute, Amsterdam,

NL23

N/A

Oligonucleotides

Refer to Table S3

Recombinant DNA

EF1a-TdTomato lentiviruses SignaGen Laboratories Cat#SL100289

Software and algorithms

FlowJo FlowJo, version 10.10, BD Life SCiences https://www.flowjo.com/; RRID:SCR_008520

Prism10 GraphPad version 10.1.0 https://www.graphpad.com/

RRID:SCR_002798
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Scientific; Waltham, MA, USA) for immunostaining procedures or with MACS� tissue storage solution (Miltenyi Biotec; Bergisch Gladbach,

Germany) for flow cytometry analyses.

Spontaneous and experimental metastasis models

In the SMM, mice were shaved to remove the fur surrounding the left flank 3 days prior to subcutaneous tumor inoculation. On the day of

inoculation, 2.5x105 TdTB16-F10 cells were suspended in a 1:1 ratio of culture media and Extragel from a HyStem� Kit (Advanced

BioMatrix; Carlsbad, CA, USA), according to the manufacturer’s instructions. 100 mL of cell suspension was inoculated subcutaneously into

the left flank of each mouse. The primary tumor was measured with a caliper and weighed. In the EMM, 100 ml of culture medium containing

1.5x105 TdTB16-F10 cells were inoculated intravenously via the tail vein. For quantification of TdTB16-F10 cells at D1, D3, and D14, whole

lungs were excised and each lobe was carefully separated and imaged using the Nikon Eclipse Ti-U inverted fluorescence microscope.

Immunoblot analysis

Immunoblot analysis was performed as previously described.35 Briefly, bone marrow cells were isolated from LysM-WT and LysM-KO mice.

CD11b+ myeloid cells were purified using the CD11b MicroBeads, human and mouse reagent (Miltenyi Biotech) according to the manufac-

turer’s protocol. Protein extracted from CD11b+ myeloid cells or from 2 mL of plasma was separated on a 7.5% BioRad TGX Stain-free gel

system and activated under UV for 1 min before being transferred to nitrocellulose membranes. After blocking with TRIS-buffered saline

0.05% (v/v) Tween 20 (TBS-T) containing 5% (w/v) non-fat milk, the membranes were incubated with rat anti-4F1 ATX primary antibodies

(1:1,000 dilution; gift from Dr. Junken Aoki, University of Tokyo, available on MBL International Cat# D323-3, RRID:AB_2819353), rinsed,

and incubated with secondary goat anti-rat HRP antibodies (1:2,000 dilution; Thermo Fisher Scientific Cat# 31470, RRID:AB_228356). ATX pro-

tein was visualized using a Super Signal� West Atto Ultimate Sensitivity Substrate kit (Thermo Fisher Scientific) for enhanced chemilumines-

cent detection. To determine equal loading of samples, membranes were stripped using Restore� Western Blot Stripping Buffer (Thermo

Fisher Scientific) and re-probed with mouse anti-actin primary antibodies (1:600,000 dilution; Sigma-Aldrich Cat# MAB1501, RRI-

D:AB_2223041) and HPR-conjugated goat anti-mouse secondary antibodies (1:5,000 dilution; Thermo Fisher Scientific Cat# 31430, RRI-

D:AB_228307). For plasma and supernatant samples, equal loading of samples were determined by normalizing to total protein using the

stain-free gel system.

Histology and immunostaining of human samples

For histology analysis, 5 mm-paraffinized sections of human tissues were stained using a Hematoxylin & Eosin stain kit (Vector Laboratories,

Newark, CA, USA). Immunohistology was used to probe for the expression of ATX, and CD11b (myeloid cells), on sections of human primary

or metastatic melanoma tumors. After deparaffinization and rehydration, antigen retrieval was performed for 20 min at sub-boiling temper-

ature in 10 mM citrate buffer, pH 6.0. Immunofluorescence staining was performed using the following primary antibodies: rat anti-4F1 (ATX)

at a 1:100 dilution, and rabbit anti-CD11b (Thermo Fisher Scientific Cat# PA5-90724, RRID:AB_2806205) at a 1:100 dilution. The following

Alexa fluor-conjugated secondary antibodies were all used at 1:1,000 dilutions: goat anti-rat AF488 (Thermo Fisher Scientific Cat# A-11006

(also A11006), RRID:AB_2534074), and goat anti-rabbit AF568 (Thermo Fisher Scientific Cat# A-11011 (also A11011), RRID:AB_143157). Sec-

tions were analyzed using a Zeiss 750 confocal microscope (Zeiss, Oberkochen, Germany).

T-SNE plots

t-SNE plots in Figures 1A and 1B were generated using the online Broad Institute Single Cell Portal (https://singlecell.broadinstitute.org/

single_cell). For Figure 1A, scRNA-seq data of 31 clinical melanoma cases were deposited into the online portal.18 t-SNE clustering was per-

formed for 4,857 non-malignant cells present in these cases. For Figure 1B, 16,291 individual immune cells from 48 tumor samples of mela-

noma patients treated with checkpoint inhibitors were profiled.19 ENPP2 and ITGAM expressions were projected onto the t-SNE plots to

identify the populations of non-malignant cells that express these genes.

Flow cytometry

Lungs were dissociated using the Lung Dissociation Kit (Miltenyi Biotec). 2x106 lung cells or erythrocyte-lysed spleen cells were transferred to

each well of a V-bottom 96-well plate and stained with Zombie Green fixable viability kit (BioLegend, San Diego, CA). After pre-incubation of

the cells with TrustStain FcX� (BioLegend) for 10 min, cell surfaces were stained in FACSbuffer (BioLegend) on ice for 20 min, and fixed in PBS

supplemented with 2% formaldehyde. For the lymphoid panel, cells were fixed using a FoxP3 fixation/permeabilization staining kit (Thermo

Fisher Scientific) according to themanufacturer’s protocol. Cells were analyzedwith a Bio-Rad ZE5 flow cytometer and the data were analyzed

using FlowJo version 10.10 Software (RRID:SCR_008520, BD Life Sciences, Franklin Lakes, NJ, USA). Table S4 indicates the antibodies, dilu-

tions and RRID used for the flow cytometry experiments. The markers used to identify each immune cell population are listed in Table S1.

Measurement of ATX activity

ATX activity was measured using the AMPLEX Red Choline release assay in concentrated conditioned medium (CM) of CD11b+ myeloid cells

isolated from the bonemarrow of LysM-WT and LysM-KOmice. CMwas collected after 18 h of incubation in serum-freemedium, consisting of

RPMI-1640 (Thermo Fisher Scientific), supplemented with 2 mM glutaMAX� (Gibco, Grand Island, NY, USA) and 10 mM HEPES (Thermo
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Fisher Scientific), clarified by centrifugation, filtered through a 0.22 mmfilter, and concentrated using an Amicon Ultra 30kDa Centrifugal Filter

(Millipore, Billerica, MA, USA). 20 mL of concentrated CM was added to 40 mL of assay buffer consisting of 50 mM Tris, 150 mM NaCl, 5 mM

CaCl2, 30 mM fatty acid–free BSA (pH 7.4), 0.1 U/ml choline oxidase (Thermo Fisher Scientific), 1 U/ml horseradish peroxidase (Thermo Fisher

Scientific), 10 mM Amplex Red (Thermo Fisher Scientific), and 100 mM LPC (Avanti Polar Lipids, Alabaster, AL, USA).60 Total assay volume of

60 mL was added to each well of a 96-well half area plate and ATX activity was measured in triplicate using the FlexStation 3 Plate Reader

(Molecular Devices, San Jose, CA, USA) at excitation and emission wavelengths of 560 and 590 nm, respectively.

LPA quantification

All lysophospholipids (16:0-LPA, 17:0-LPA, 18:0-LPA, 18:1-LPA, 18:2-LPA, and 20:4-LPA) were purchased from Avanti Polar Lipids, Inc. 50 mL of

EDTA-collected plasma weremixed with nine volumes of methanol acidified with 1 mMof ammonium formate, sonicated for 3min, vortexed,

and centrifuged at 14,000x g at 4�C for 10 min. The supernatant was separated and LC-MS/MS analysis was performed as previously

described.61 Briefly, a 10 mL sample was injected into the QTRAP 4500 LC-MS/MS instrument (AB Sciex, Framingham, MA, USA) and LC sep-

aration was performed with a Capcell Pak acidic resistance column (Shiseido, Tokyo, Japan) with a gradient of elution of solvent A (5 mM

ammonium formate in water) and solvent B (5 mM of ammonium formate in acetonitrile). Both solvents were adjusted to pH 4.0 using formic

acid. The elution programwas as follows: 55% of solvent B for 10min, followed by 10 to 30min of a linear gradient to 85% of solvent B that was

applied and held for 7 min, and the mobile phase was reset to 55% of solvent B for 3 min.

Measurement of cytokines

The levels of thirteen cytokines (IL-23, IL-1a, IFN-g, TNF-a, MCP-1, IL-12p70, IL-1b, IL-10, IL-6, IL-27, IL-17A, IFN-b and GM-CSF) were

measured by flow cytometry using the LEGENDPlex� Mouse Inflammation Panel (BioLegend, San Diego, CA, USA).

Real-time quantitative PCR (RT-qPCR)

Total RNAwas extracted using RNeasyMicro Kit (Qiagen, Germantown,MD) and transcribed to cDNAusing the RevertAid Reverse Transcrip-

tase Kit (Thermo Fisher Scientific). RT-qPCR was performed using the PowerUp SYBR Mastermix on a QuanStudio 6 system (Thermo Fisher

Scientific) according to the manufacturer’s protocol. Primers used are listed in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism version 10.1.0 software (RRID:SCR_002798, San Diego, CA). The choice of statistical tests was

based on normality and sample size. Where indicated, the data from several independent experiments were pooled. The Shapiro-Wilk

test was used to determine normality. Samples that passed the normal distribution test were analyzed with the parametric unpaired t-test

with a two-tailed p-value. Mann-Whitney test was used for samples that do not meet parametric distribution. When comparing two indepen-

dent variables, statistical analysis was performed using two-way ANOVA. p-values <0.05 (denoted *), <0.01 (denoted **) <0.001 (denoted ***)

and <0.0001 (denoted ****) were considered to be statistically significant.
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