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SUMMARY

The apoptosis inducing receptor CD95/Fas has multiple tumorigenic activities. In
different genetically engineered mouse models tumor-expressed CD95 was
shown to be critical for cell growth. Using a combination of immune-deficient
and immune-competent mouse models, we now establish that loss of CD95 in
metastatic triple negative breast cancer (TNBC) cells prevents tumor growth by
modulating the immune landscape. CD95-deficient, but not wild-type, tumors
barely grow in an immune-competent environment and show an increase in im-
mune infiltrates into the tumor. This growth reduction is caused by infiltrating
NK cells and does not involve T cells or macrophages. In contrast, in immune
compromised mice CD95 k.o. cells are not growth inhibited, but they fail to
form metastases. In summary, we demonstrate that in addition to its tumor and
metastasis promoting activities, CD95 expression by tumor cells can exert
immune suppressive activities on NK cells, providing a new target for immune
therapy.

INTRODUCTION

CD95/Fas is a well-characterized death receptor that in permissive cells or when cross-linked in cancer cells

in vitromediates induction of apoptosis when stimulated by its cognate ligand CD95L (Krammer, 2000; Na-

gata, 1999; Peter et al., 2003). It is now well established that CD95 also has multiple nonapoptotic functions

(Guegan et al., 2020; Peter et al., 2007; Wajant et al., 2003). Many of these activities are tumor promoting

(reviewed in Martin-Villalba et al., 2013 and Peter et al., 2015) and different mechanisms have been iden-

tified that regulate whether CD95 mediates apoptosis or survival (Algeciras-Schimnich et al., 2002; Feig

et al., 2007; Gulculer Balta et al., 2019). We previously demonstrated that neither a low-grade serous nor

an endometrial ovarian cancer, nor a chemically (diethylnitrosamine, DEN) induced liver cancer, efficiently

grew in mice after tissue-specific deletion of CD95 in the ovaries or the liver, respectively (Chen et al., 2010;

Hadji et al., 2014). In fact, in all three models either no tumors formed or their numbers and sizes were

severely reduced. Interestingly, all tested DEN-induced liver cancer nodules or low-grade ovarian cancer

that formed in mice still expressed CD95 (Hadji et al., 2014), indicating that these tumors were escapers

caused by the inefficiency of Cre recombination used to delete CD95 and pointing at a pivotal role of

CD95 in cancer cell survival in vivo. However, it was not clear whether this activity of CD95 was cell auton-

omous or required cells of the tumor microenvironment.

Among women, breast cancer (BC) is the most common cause of cancer and the second leading cause of

cancer death (DeSantis et al., 2016). BC is a heterogeneous disease whose molecular classification distin-

guished luminal A and B expressing hormonal receptors, basal/triple negative breast cancer (TNBC), and

human epidermal growth factor receptor 2 (HER2)-like tumors. This molecular taxonomy is clinically rele-

vant with basal/TNBC patients presenting the poorest clinical outcome with no targeted therapies avail-

able compared with other molecular subtypes. TNBCs progress rapidly and generate metastases that

remain the major cause of cancer-related mortality in these patients (Christofori, 2006). TNBC presents a

major intratumoral heterogeneity that contributes to therapy failure and disease progression. The origin

of this cellular heterogeneity is mainly explained by self-renewing breast cancer stem cells (CSCs) sustain-

ing the long-term oligoclonal maintenance of the neoplasm (Kreso and Dick, 2014). We recently reported
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that engaging CD95 on ER positive BC cells contributes to CSC survival (Qadir et al., 2017, 2020). Although

CD95L-expressing immune cells edit tumor cells by sparing cancer cells expressing low CD95 level at their

plasma membrane (Strasser et al., 2009), CD95 expression is high in TNBC cells (Blok et al., 2017), and the

function of this receptor in these cancers remained unknown.

To examine the role of CD95 in a TNBC model, we generated two independent sets of CD95 knockout 4T1

clones using different methods and on different continents. Only in immune-competent mice, the deletion

of CD95 caused a dramatic loss of tumor growth. This was accompanied by an increase in tumor-infiltrating

T cells (CD4+ and CD8+ T cells) and natural killer (NK) cell and a reduction in granulocytic myeloid-derived

suppressor cells (G-MDSCs), initially identified in human and mouse cancers due to their potent immuno-

suppressive activity (Marvel andGabrilovich, 2015; Peranzoni et al., 2010). Depletion of myeloid cells, CD8+,

and CD4+ T cells did not restore tumor growth of the CD95 k.o. cancer cells, whereas elimination of NK cells

did. Our data point at a novel role of CD95 as a general immune suppressive receptor that advanced cancer

cells maintain to avoid destruction by multiple immune cells, and more specifically, 4T1 tumor cells keep

CD95 expression to prevent an NK-driven anti-tumor response.
RESULTS

Knock-out of CD95 does not affect the growth or stemness of 4T1 cells in vitro

We previously demonstrated that different cancers in vivo can barely grow without CD95 expression (Chen

et al., 2010; Hadji et al., 2014). In contrast, knocking out CD95 in either ovarian cancer or a BC cell line did

not substantially reduce growth of cancer cells in vitro (Putzbach et al., 2018). We were therefore wondering

whether the tumor microenvironment and/or a functional immune system was required for CD95 express-

ing tumor cells to grow in vivo or whether they were responsible for the destruction of CD95-deficient tu-

mor cells. Based on the results obtained with our genetically engineered mouse models (GEMMs) in which

either tumors did not form or tumors that formed still expressed CD95 due to Cre recombination ineffi-

ciency, we concluded that this question could not conclusively be addressed in a CD95 k.o. GEMM. We

therefore used CRISPR/Cas9 gene editing to delete CD95 in the aggressive murine TNBC cell line 4T1

that could be grown in syngeneic BALB/c mice (Aslakson andMiller, 1992). We generated single-cell clones

with a complete biallelic knockout of CD95. To increase the rigor of the study and to eliminate any possi-

bility of clonal effects or effects of Cas9 expression, two sets of k.o. clones were generated starting with

different 4T1 lines and using different strategies to generate CD95 deficiency. The U-clones (generated

in the US, all experiments in light blue boxes) involved the use of stable expression of GFP-Cas9 and a

two-guide (sg)RNA system to delete exon 9 of murine CD95 (Figure S1A). On the other hand, the F-clones

(generated in France, all experiments in light yellow boxes) were generated by transfecting both Cas9 and a

sgRNA-plasmid, resulting in a frameshift mutation around the CD95 transcriptional start site (Figure S1B).

Two U-clones were confirmed to not contain CD95-exon 9 anymore (Figure S1C). They had reduced total

CD95 mRNA expression (Figure S1D), expressed little or no detectable CD95 on their cell surface (Fig-

ure S1E), and neither of the two k.o. clones had a consistent up- or downregulation of CD95L mRNA

when compared with either parental cells or a Cas9 control clone (Figure S1F). Similarly, two k.o. F-clones

were selected and expressed no detectable surface CD95 (Figure S1G). Similar to the human cell lines in

which we had deleted CD95, none of the four 4T1 CD95 k.o. clones showed growth reduction in vitro or

major cell-cycle changes when compared with their WT counterparts (Figures S1H–S1J).

We had recently reported for a number of ER+ BC cell lines that chronic stimulation through CD95 induced

cancer stemness through induction of a type I interferon response, which resulted in activation of STAT1

(Qadir et al., 2017, 2020). Stemness could also be increased by treating cells directly with type I interferons.

In contrast, in the TNBC cell line 4T1 prolonged stimulation through CD95 or addition of IFNb did not cause

a substantial upregulation of CSC driving transcription factors, STAT1, or its major target gene PLSCR1

(Figure S2A). Although the stemness marker BMI1 was induced, the two E-box binding proteins ZEB1

and ZEB2 were not. Treatment of 4T1 cells with either LzCD95L or IFNb also did not substantially affect

cell growth (Figure S2B), and it did not increase the ability of the cells to form spheres (Figure S2C). It

also did not result in an increase in ALDH1 activity (Figure S2D) or upregulation of CD44 (Figure S2E).

Finally, treatment of 4T1 cells with LzCD95L did not induce a substantial amount of apoptosis (Figure S2F).

These data suggest that the classical cell signaling pathways induced upon CD95 engagement are severely

impaired in 4T1 cells despite the fact that these cells express substantial amounts of surface CD95.

Although we did not see a significant and reproducible change in the expression of some of the stemness

markers in the CD95 k.o. U-clones (Figure S2G), both CD95 k.o. U- and F-clones displayed a reduced ability
2 iScience 24, 103348, November 19, 2021
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to form spheres when compared with control cells (Figures S2H and S2I). In summary, the stimulation of

CD95 in 4T1 TNBC cells did not result in a major change in in vitro growth or cancer stemness, suggesting

that CD95 on these cells has low signaling competence. On the other hand, although the stemness markers

were not dramatically affected by CD95 loss in 4T1 cells, the loss of this receptor was associated with a

slight but significant reduction in the ability of the cells to form spheres, suggesting that the presence of

CD95 could alter some tumor features.

CD95-deficient 4T1 cells grow faster in immune-deficient mice than WT cells but do not form

lung metastases

To determine whether the lack of CD95 expression would affect growth of 4T1 cells in vivo, we carried out

an orthotopic graft of luciferase-expressing Cas9 control or a mixture of the two CD95 k.o. U-clones into the

mammary fat pad of NSG mice (Figure 1A). After a lag phase of about 14 days, the k.o. U-cells grew more

rapidly than WT cells in the immunocompromised NSG mice. When the two k.o. clones and the two WT

controls were injected individually, tumor weight and volume were similar at two weeks in the mice (Figures

1B and 1C). The two F-k.o. clones generally grewmore rapidly than WT cells (Figure 1D), suggesting that in

immune-deficient mice, cells without CD95 had a growth advantage. This was not due to a difference in the

expression of the stemness markers ALDH1 or CD44 (Figure 1E). NSG mice are devoid of lymphocytes and

NK cells but do contain macrophages (Shultz et al., 2007). Although the number of intratumor myeloid-

derived cells was the same in WT and k.o. tumors (Figure 1F), we observed a different distribution of F4/

80 or CD163-expressing macrophages in CD95 k.o. compared with WT tumors (Figure S2J). Although

F4/80- or CD163-expressing macrophages infiltrated WT tumors, these cells remained mostly at the pe-

riphery of CD95 k.o. tumors, pointing at a modulation of the immune landscape by tumor cells devoid

of CD95 even in NSG mice.

4T1 cells are aggressively growing cancer cells that form lung metastases in implanted mice (Lelekakis

et al., 1999). Although injection of WT 4T1 cells into NSG mice caused multiple lung metastases, barely

any metastatic dissemination was detected in mice with implanted CD95 k.o. cells (Figures 1G and 1H).

Interestingly, this occurred despite the fact that the primary CD95 k.o. tumors grew larger than the WT tu-

mors in thesemice. These data could be associated with the known activity of CD95 to increasemotility and

invasiveness of breast cancer cells (Barnhart et al., 2004; Malleter et al., 2013) and could also be related to

the reduced capacity of CD95-deficient 4T1 cells to form spheroids compared with WT counterparts (Fig-

ures S2H and S2I).

CD95-deficient 4T1 cells barely grow in immune-competent mice compared withWT cells and

show reduced markers of stemness

We next wondered whether the loss of CD95 by tumor cells could impair tumor growth by modulating im-

mune infiltrates. To evaluate this possibility, we orthotopically grafted 4T1 cells into syngeneic BALB/c

mice. CD95 k.o. 4T1 cells grew much less than WT cells, which only stopped growing when reaching a

certain size and becoming necrotic (Figure 1I). To exclude an immune effect linked to the fact that CD95

WT and U-k.o. clones expressed the xeno-antigen luciferase (Baklaushev et al., 2017), we performed the

experiment with unlabeled parental cells and compared the growth of parental cells with that of the

vCas9 and the two CD95 k.o. U-clones individually (Figures 1J and 1K). Tumors were harvested after two

weeks of growth in the mice. Consistent with the above results, both the parental and unmodified 4T1 cells

as well as the Cas9 expressing WT cells grew much faster than the CD95 k.o. clones as monitored by both

tumor volume and tumor weight (Figures 1J and 1K). In fact, the CD95 k.o. cells barely grew in these mice.

This behavior of CD95 k.o. cells was largely confirmed by the orthotopic xenograft of the F-clones into

BALB/c mice (Figure 1L). Tumor growth of the two k.o. clones was less efficient than that of the parental

cells or of a WT clone. In contrast to the tumors grown in NSG mice, ex vivo isolated CD95 k.o. U-clone tu-

mor cells from the BALB/c mice showed a clear reduction of the stemness markers ALDH1 and CD44 when

compared with WT tumors (Figure 1M), suggesting that the immune system regulated the survival of CSCs

in CD95 k.o. cells. Unexpectedly, these data indicated that the loss of the death receptor CD95 reduces

tumor growth only in mice that have a functional immune system.

Gene expression analysis identifies a general immune activation inside the CD95 k.o. tumors

in immune-competent mice

To get insights into what is causing the suppression of tumor growth after CD95 deletion in TNBC cells, we

subjected two 4T1 WT controls (WT and vCas9 expressing) and the two CD95 k.o. U-clones to an RNAseq
iScience 24, 103348, November 19, 2021 3
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Figure 1. Deletion of CD95 in 4T1 cells inhibits tumor growth and cancer stemness in BALB/c mice but not in NSG mice

(A) Wild-type (vCas9) or CD95 k.o. 4T1 (mixture of clones #54 and #69) cells (105) were injected into the fat pad of NSG mice. Bioluminescence of tumors was

quantified at the indicated times after injection of cells.

(B and C) Equal numbers of WT (Parental or vCas9) or CD95 k.o. (#54 or #69) 4T1 cells were transplanted into the mammary fat pad of NSG mice, and tumor

weight (B) and tumor volume (C) were measured after two weeks.

(D) Wild-type (mixture of clones #3 and #4) or CD95 k.o. 4T1 (mixture of clones #10 and #12) cells (105) were injected into the mammary fat pad of NSG mice,

and tumor volume was measured using a caliper.

(E) ALDH1 activity and CD44 surface staining of single-cell suspensions of tumors isolated from NSG mice. n = 3 for each group.

(F) IHC quantification of Ly6G positive cells in the WT and CD95 k.o. tumors monitored in (B). n = 3 biological replicates.
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Figure 1. Continued

(G) Equal numbers of WT (Parental or vCas9) or CD95 k.o. (1:1 mixture of #54 or #69) 4T1 cells were transplanted into the mammary fat pad of NSGmice, and

tumor nodules of the primary tumor on the surface of the lungs were counted two weeks after transplantation.

(H) The appearance of representative lungs analyzed in (G). Scale bar, 5 mm.

(I) Luciferase expressing wild-type (cCas9) or CD95 k.o. 4T1 (mixture of two k.o. clones) cells (105) were injected into the mammary fat pad of BALB/c mice.

Bioluminescence of tumors was quantified at the indicated times after injection of cells.

(J and K) Equal numbers of unmodified WT (Parental or vCas9) or CD95 k.o. (#54 or #69) 4T1 cells were transplanted into the mammary fat pad of BALB/c

mice, and tumor weight (J) and tumor volume (K) was measured after two weeks.

(L) Parental, WT (#3) and two CD95 k.o. (#10 and #12) 4T1 cells (105 cells) were injected into the mammary fat pad of BALB/c mice (n = 8), and tumor volume

was measured using a caliper. Insert shows the growth of the individual tumors.

(M) ALDH1 activity and CD44 surface staining of single-cell suspensions of tumors isolated from BALB/c mice. WT n = 2, k.o. n = 3, biological replicates.

Representative data from two independent experiments.

Experiments involving U-clones (n = 5, unless otherwise defined) are in a light blue box and experiments involving F-clones (n = 10) are in a light yellow box,

respectively. Data are shown as the mean G SD. p value was calculated using two-way ANOVA (A, D, I, and L) or two-tailed Student’s t test (B, C, E–G, J, K,

and M). See also Figures S1 and S2 and Table S1.
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analysis under three different conditions: cells grown in vitro, cells grown in NSG, and cells grown in BALB/c

mice. As the goal was to identify genes with altered expression in the tumors between WT and k.o. tumor

specifically in the BALB/c mice, we performed a differential gene expression analysis using DESeq2 (Fig-

ure S3). The number of significantly expressed genes across all samples was 13,083, and the numbers of

genes differentially expressed (padj <0.05) between WT and k.o. cells was 496 (cell lines), 485 (NSG

mice), and 620 (BALB/c mice). This amounted to 1,090 differentially expressed unique genes. We per-

formed k-means clustering with 6 clusters (determined by elbow plot) and plotted a heatmap of adjusted

expression to identify trends and unique groups (Figure S3A). The most significant GO terms are listed for

each cluster. Genes in the top two clusters weremost highly deregulated specifically in the tumors grown in

BALB/c mice when compared with either in vitro grown cells or grown in NSGmice. Genes in cluster 1 were

upregulated in the CD95 k.o. tumors and genes in cluster 2 were downregulated. These changes could be

caused either by gene expression changes in the tumor cells or more likely by infiltrating immune cells.

Most importantly, due to the way the data were analyzed these changes did not reflect the difference be-

tween NSG and BALB/c mice but rather the difference between WT and CD95 k.o. tumors in the context of

immune-competent mice. To identify the function of the most highly deregulated genes, we ranked all de-

regulated genes across all 6 clusters according to the greatest fold difference in the k.o./WT ratio between

BALB/c compared with NSG mice and subjected this list to a GO analysis (Figure S3B). Ten of the twenty-

two most significantly enriched GOs in the BALB/c mouse tumors were related to immune function and

activation of specific immune cell subsets. These results pointed at a general increase in immune cell infil-

tration and activity in tumors lacking CD95.
Deletion of CD95 in TNBC cells causes a modulation of the immune landscape

Based on the results of the differential gene expression analysis of CD95 k.o. cells, we subjected U-clones

grown as tumors in BALB/c mice to immunohistochemistry analysis (Figure 2A). Macrophages (F4/80 stain-

ing) were found mostly at the periphery of the tumors, and they were more abundant in CD95 k.o. tumors

(Figure 2B). T cells (CD4+, CD8+, and regulatory T cells [Tregs—FOXP3 staining]) infiltrated k.o. tumors

more readily compared with WT tumors (Figures 2A and 2B). This was pronounced for CD8+ T cells that

were abundant and showed the most homogeneous staining inside the CD95 k.o. tumors, whereas very

few CD8+ T cells were detected insideWT tumors (Figures 2A and 2B). Tumor vessel density (CD31 staining)

was similar between WT and k.o. tumors (Figures 2A and 2B). These results suggested that CD95 expres-

sion in cancer cells could prevent immune cells including cytotoxic killer cells from infiltrating the tumors

but had no effect on tumor vascularization, at least not in this rapidly growing tumor model. The IHC anal-

ysis of the U-tumors was followed up by a detailed multi-parameter flow cytometry analysis of the tumor

infiltrate inside the F-clones grown in BALB/c mice (Figure 2C). In agreement with the U-clone results,

this analysis confirmed that a large number of different immune cells had preferentially infiltrated the

CD95 k.o. tumors, including macrophages (CD45+CD11b+F4/80+), both M1 (CD45+CD11b+F4/

80+CD38+) and M2 (CD45+CD11b+F4/80+CD38�) macrophages (Jablonski et al., 2015), and all types of

T cells as evidenced by an increase in CD3+, CD4+, and CD8+ cells (Figure 2C). MDSCs are a heterogeneous

population of immature myeloid cells that include monocytic (M-MDSC, CD45+CD11b+Gr1HighLy6CHigh)

and granulocytic (G-MDSC, CD45+CD11b+Gr1HighLy6G+) subsets, both of which have been shown to

exert immune-suppressive activities. Within tumors, additional myeloid cells referred to as tumor-associ-

ated macrophages (TAM) display immunosuppressive activity (Ugel et al., 2015). Although the number
iScience 24, 103348, November 19, 2021 5



Figure 2. CD95 loss in TNBC cells increases general immune cell infiltration with only G-MDSCs being reduced when compared with WT tumors

(A) WT or CD95 k.o. 4T1 cells were injected into the mammary fat pad of BALB/c mice. Mice were sacrificed when tumors reached maximum allowed size or

signs of ulceration were evident. Representative tumor sections of one mouse grafted with WT (1965) and two mice grafted with k.o. cancer cells (1955, 1958)

stained with hematoxylin and eosin (H&E) or with antibody specific for mouse macrophages (F4/80), T cells (CD4, CD8, FOXP3), endothelial cells (CD31), or

pSTAT1. Representative images of the immunohistochemical analysis and H&E staining are shown. Black circles highlight pSTAT1 positive cell clusters.

(B) The staining intensity of F4/80, CD4, CD8, FOXP3, pSTAT1, and CD31 was quantified. (biological replicates, n = 8).

(C) After 21 days, tumors grown in Figure 1L were resected and dissociated. Tumor-infiltrating cells including macrophages (CD45+CD11b+F4/80+); whole

CD3+ T cell population, CD3+CD4+, CD3+CD8+ T cells, and Treg (CD3+CD4+CD25HighFoxP3+) subsets; M1 (CD45+CD11b+F4/80+CD38+) and M2

(CD45+CD11b+F4/80+CD38�); and M-MDSC (CD45+CD11b+Ly6C+Ly6G) and G-MDCS (CD45+CD11b+Ly6CLowLy6G+) were quantified by multiparameter

flow cytometry with the indicated combination of markers. n = 12 biological replicates. Central band is themedian, and the whiskers define theminimum and

maximum values. Nonparametric Mann-Whitney test p value shown.

(D) Representative tumor sections of two mice injected with WT (1953, 1949) and two mice injected with k.o. cancer cells (1955, 1958) stained for Ly6G.

(E) IHC quantification of Ly6G positive cells (left, examples shown in (D)) and CD11b (right) in theWT and CD95 k.o. tumors analyzed in (B). WT n = 4, k.o. n = 3

biological replicates.

Mean G SD, two-tailed Student’s t test. p value shown (B and E), p value *<0.05, **<0.001; ***<0.0001; ns, not significant. Scale bars, 50 mm. See also

Figure S3.
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of M-MDSCs was increased, the number of G-MDSCs was reduced in the k.o. tumors (Figure 2C). To inde-

pendently confirm this finding, we stained the U-clone tumors for Ly6G to detect G-MDSCs and confirmed

the staining to be strongly reduced in the k.o. tumors (Figures 2D and 2E, left panel), whereas the general

macrophage marker CD11b was unchanged (Figure 2E, right panel). These findings indicated that in TNBC

cells, CD95 expression can impinge on the trafficking of many cytotoxic immune cells including CD8+

T cells into the tumor tissue.
CD8+ T cells are not responsible for the reduced growth of CD95 k.o. tumors

Studies have shown that tumor infiltrating lymphocytes (TILs) have a strong prognostic impact on women

affected by TNBC (Ali et al., 2014, 2016). A major reduction in disease and distant recurrences was reported

for TNBC patients having high amounts of TILs (Ibrahim et al., 2014). We first tested to what degree infil-

trating CD8+ T cells detected in the k.o. tumors were responsible for the reduced tumor growth. To address

this question, we depleted CD8+ T cells in BALB/c mice by repeated injection of a neutralizing anti-CD8

mAb (Figure 3A). Staining for CD8+ T cells in the spleen of depleted mice was undetectable, whereas

that of CD4+ T cells remained unaffected (Figures 3B and 3C). 4T1 cells (U-clones) when grown in vivo re-

sulted in a substantial increase in spleen size andweight comparedwith CD95 k.o. counterparts (Figure 3D).

Of note, the reduced growth of CD95 k.o. cells compared withWT cells in vivowas not affected by the CD8+
6 iScience 24, 103348, November 19, 2021



Figure 3. CD8+ T cells are not critical for the anti-tumor response against CD95 k.o. cells

(A) Treatment scheme of BALB/c mice with implanted WT or CD95 k.o. cells and treated with control or anti-CD8 antibody.

(B) Representative IHC images of spleens from mice treated with either isotype matched control antibody or anti-CD8 as indicated and stained for CD4+ or

CD8+ T cells. Scale bar, 50 mm.

(C) Quantification of CD4 and CD8 T cells in the spleen of mice treated with either IgG or anti-CD8. Values labeled by a dot correspond to the images shown

in (B).

(D) (Top) Representative images of spleens of treated mice. (Bottom) Average spleen weight of treated mice (n = 3). Scale bar, 1 cm.

(E) IHC of WT or CD95 k.o. tumors grown in BALB/c mice after depletion of CD8+ T cells staining with anti-CD8 mAb. Mouse numbers are shown below.

Experiments were performed with the U-clones. Scale bar, 50 mm.

(F) Quantification of CD8 T cells in tumors (n = 5–6) of mice treated with either IgG or anti-CD8 mAb.

(G) Tumor weight (left) and tumor volume (right) in anti-CD8-treated mice (n = 5) 16 days after tumor injection.

(H) IHC quantification of TUNEL staining of sections of WT and k.o. tumors in mice (n = 6) treated as in (G).

Shown are the mean G SD. p value was calculated using two-tailed Student’s t-test. p value *<0.05; **<0.001; ***<0.0001.
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T cell depletion despite the fact that CD8 infiltration was dramatically reduced in the CD95 k.o. tumors

upon CD8 depletion (Figures 3E and 3F). CD8 depletion had some effect on tumor growth, as both WT

and k.o. tumors grew slightly larger in the depleted mice (Figure 3G). Although the amount of cell death

in the total tumor was not affected by the CD8+ T cell depletion (Figure 3H, left panel), when areas of

the tumors were analyzed that did not show overt cell death or necrosis (viable tumor tissue), CD8+ T-

cell-depleted tumors (both CD95 k.o. and WT 4T1 cells) experienced less TUNEL staining than untreated

tumors; however, no difference was observed in fold change between CD95 k.o. andWT tumors (Figure 3H,

right panel). These data suggested that although CD8+ T cells control tumor growth of the 4T1 cells in gen-

eral, the increased CTL infiltration observed into the CD95 k.o. tumors (Figures 2A, 2B, and 2C) did not

explain the strongly reduced tumor growth after deletion of CD95.
Neither CD4+ T cells nor myeloid cells are responsible for the reduced growth of CD95 k.o.

tumors

Similar to CD8 T cells, depletion of CD4+ T cells did not exhibit a stronger anti-tumor effect on the reduced

growth of CD95 k.o. tumors compared with the parental counterparts (Figures S4A–S4C), suggesting that

tumor-infiltrating T cells were not responsible for the selective antitumor activity observed in CD95 k.o. tu-

mors. Because of the differences in the amounts of M-MDSCs and TAM observed in WT and k.o. tumors

(Figure 2C), we treated mice with an antibody to neutralize CSF1-R, which has been shown to prevent

the recruitment of tumor-infiltrating myeloid cells including TAM and M-MDSCs (Priceman et al., 2010;

Ries et al., 2014) (Figure S4D). This experiment was also carried out because among all the CSF ligand

and CSF receptor genes in our differential gene expression analysis, CSF1-R was the most highly deregu-

lated gene between the two CD95 k.o. clones and the WT cells, both in vitro and when grown as tumors in

BALB/c mice (but not in NSG mice) (Table S1). Targeting CSF1-R had no effect on tumor growth of either

WT or CD95 k.o. tumors despite this antibody treatment leading to a decrease in TAMs and M-MDSCs and

an increase in CD4+ and CD8+ T cells (Figures S4E–S4G).
NK cells are involved in the antitumor response against CD95-deficient TNBC cells

Finally, to test whether NK cells could be responsible for the reduced growth of CD95 k.o. tumors in BALB/c

mice, we compared side-by-side the growth of WT and k.o. tumors in NOD-SCID IL2Rgammanull (NSG),

NOD-SCID, and BALB/c mice. Although both NSG and NOD-SCID mice have normal macrophages and

are both C5 complement deficient (Baxter and Cooke, 1993; Serreze, 1993), NOD-SCID mice differ from

their NSG counterparts mainly in the presence of NK cells (Presa et al., 2015; Shultz et al., 2012). Interest-

ingly, the reduced tumor growth of the CD95 k.o. cells in NOD-SCIDmice was similar to the one seen in the

immunocompetent BALB/c mice and reversed to the situation in NSGmice (Figure 4A). Consistent with this

finding, CD95 k.o. tumors exhibited a significantly higher number of tumor-infiltrating NK cells as

compared with WT tumors in NOD-SCID mice (Figure 4B). To confirm the anti-tumor activity of NK cells

in CD95-k.o. cancers, we depleted NK cells in BALB/c mice by repeated injections of an anti-Asialo GM1

Ab (Figures 4C and 4D). Strikingly the NK depletion significantly minimized the growth difference of pri-

mary tumors between WT and k.o. cells (Figures 4E and 4F).

In summary, our data suggest that the expression of CD95 on tumor cells regulates the global immune

landscape, and the anti-tumor activity of NK cells can be stimulated by the loss of CD95 in TNBC cells.
DISCUSSION

Wepreviously reported that deletion of CD95 in vivo strongly reduced tumor formation and growth in three

different mouse tumor models (Chen et al., 2010; Hadji et al., 2014). In all cases, endogenous CD95 was

deleted using Cre recombinase. In two of these models, one involving DEN-induced liver cancer and

one low-grade ovarian cancer, we determined that most, if not all, tumor nodules that grew in these

CD95 k.o. mice still expressed CD95 (Chen et al., 2010; Hadji et al., 2014) due to inefficient deletion by

Cre. In this study, we therefore used a syngeneic orthotopic cell line model that allowed us to selectively

and completely delete CD95 in all cancer cells and assess its effect on tumor growth in immune-competent

mice. We chose BC as a model because we had previously identified CD95 as a driver of cancer stemness in

the context of BC (Ceppi et al., 2014; Qadir et al., 2017, 2020). We found that although the loss of CD95 in

TNBC cells did not substantially affect cancer cell survival in an immune-depressed mouse model, when

introduced into immune-competent mice, CD95 k.o. tumors barely grew.
8 iScience 24, 103348, November 19, 2021



Figure 4. NK cells are involved in attacking CD95 k.o. tumor cells in BALB/c mice

(A) Tumor growth of a mix of WT 4T1 cells and a CD95 k.o. clone #4 in three different mouse strains (n = 8). p values were calculated using two-way ANOVA.

(B) (Left) IHC quantification of NKp46-positive NK cells (cells/mm2) inWT and CD95 k.o. tumors grown in NOD-SCIDmice shown in (A). (Right) Representative

images of a WT and CD95 k.o. tumor stained for NKp46. p value was calculated using nonparametric Mann-Whitney test (in 3 different tumors, NK cells were

counted on 4 different fields). Scale bar, 50 mm.

(C) Treatment scheme of BALB/c mice with implanted WT or CD95 k.o. cells and treated with control or anti-Asialo GM1 antibody.

(D) Quantification of NKp46 positive NK cells in the spleen of mice treated with either IgG or anti-Asialo GM1 (n = 5).

(E and F) Tumor weight (E) and tumor volume (F) in anti-Asialo GM1-treated mice (n = 5) 16 days after tumor injection.

Mean G SD, two-tailed Student’s t test (D–F). p value *<0.05; ***<0.0001. ns, not significant. See also Figure S4.
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A recent analysis of a cohort of 667 BC patients revealed that CD95 expression increases with advancing

grade of disease (Blok et al., 2017). In fact, ER-negative BC including TNBCs had almost twice as much

CD95 expression as ER-positive BC. The TNBC 4T1 cell line is part of a series of five BC cell lines that

were isolated from mice after sequential growth and differ in their metastatic potential (Miller et al.,

1983). 4T1 is the most aggressive of these cell lines. Consistent with the data on human TNBC, 4T1 cells

have very high expression of CD95.

Our differential analysis of genes upregulated in the k.o. tumors suggested a fundamental recruitment of

immune cells with antitumor activity. The decreased recruitment of G-MDSCs together with the increase in

CD8+ T and NK cells in the CD95 k.o. tumors we then observed left two possibilities to explain the depen-

dence of tumor cells on CD95 to grow in vivo: (1) WT tumors grow more because MDSCs are generating an

immunosuppressive environment or (2) the reduced growth of CD95 k.o. tumors might be due to an

increased recruitment of TILs. Interestingly, our findings are in agreement with previous reports showing

that although G- and M-MDSCs promote the metastatic dissemination of 4T1 TNBC cells (Ouzounova

et al., 2017; Youn et al., 2008), their elimination by CSF1-R-targeting treatments does not affect primary tu-

mor growth (Swierczak et al., 2014). A good prognostic score was shown to be associated with CD8+ TILs in

ER-negative disease with high CD95 expression (Blok et al., 2017), suggesting that CTLs attack high CD95-

expressing tumor cells. However, we now demonstrate that although CD8+ CTLs exert a general anti-tumor

effect in the 4T1 model, the loss of CD95 in TNBC cells engenders an anti-tumor response through the

recruitment and activation of NK cells. This finding is consistent with a report showing that treatment of

mice with IL-21, a cytokine involved in the NK cell proliferation and activation (Parrish-Novak et al.,

2000), enhances 4T1 tumor rejection (Takaki et al., 2005). Not much is known about the role of NK cells

in TNBC, but molecular signatures associated with NK cells have been shown to be predictive of

relapse-free survival in BC patients including TNBC patients (Ascierto et al., 2013).
iScience 24, 103348, November 19, 2021 9
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We can now separate different observations on the apoptosis-independent and cancer-relevant functions

of CD95 into at least four activities. (1) CD95 drives metastasis formation in a cell autonomous fashion. This

observation is supported by multiple reports demonstrating increased motility or invasiveness of tumor

cells upon CD95 stimulation (Barnhart et al., 2004; Briggs et al., 2017; Cai et al., 2012; Hoogwater et al.,

2010; Kleber et al., 2008; Letellier et al., 2010; Lin et al., 2012; Liu et al., 2014; Malleter et al., 2013; Teodorc-

zyk et al., 2015; Trauzold et al., 2005; Zheng et al., 2013). Interestingly, we found that in NSGmice, 4T1 cells

only form metastases when CD95 is expressed, suggesting that it is indeed a metastatic driver. (2) Stimu-

lation of CD95 on cancer cells increases their proliferation. We reported evidence of increased CD95 driven

proliferation of cancer cells and in fact stimulating apoptosis-resistant cancer cells through CD95 increases

their growth rate (Li et al., 2009; Mapara et al., 1993; Putzbach et al., 2017). (3) CD95 stimulation increases

cancer stemness (Ceppi et al., 2014; Drachsler et al., 2016). We previously showed that chronic stimulation

of CD95 on multiple cancer cell lines including ER+ BC induces production of type I interferons, which

through activation of type I IFN receptors and activation of STAT1 drives cancer stemness (Qadir et al.,

2017, 2020). (4) In the present study, we uncover a novel and unexpected activity of CD95 as an immune

suppressive receptor that when expressed on tumor cells prevents infiltration of multiple immune cells

into the tumor.

We do not believe that the finding on the role of CD95 as a suppressor of tumor immune infiltration is

limited to the 4T1 TNBC model. Our data provide an explanation for a long-standing enigma of why in

GEMMs of endometrioid, low-grade ovarian cancer, or liver cancer tumors could not efficiently grow in vivo

after knock-out of CD95 (Chen et al., 2010; Hadji et al., 2014). In addition, in the model of low-grade ovarian

cancer, we noticed that the deletion of CD95 in the tumors in the ovaries led to a massive amount of hem-

orrhage, necrotic cell death, and an increase in infiltration of proinflammatory immune cells (Hadji et al.,

2014). We had interpreted this result as a requirement for CD95 for the cancer cells to survive but in this

mouse model, we could not determine whether the increase in inflammation we observed was the cause

or the consequence of dying tumor cells. Our data now suggest that the deletion of CD95 on the devel-

oping tumor cells triggered massive trafficking of immune cells. Nonetheless, further investigations are

required to definitively establish that maintaining CD95 expression in cancer cells is a general mechanism

to prevent NK-mediated antitumor activity.

Although CD95 stimulation is not required for the destruction of the tumor by NK cells as it only occurs after

homozygous deletion of CD95 in the tumor cells, it is currently unknown whether CD95L is required for the

immune suppressive activities of CD95. The inability of 4T1 cells to significantly respond to even prolonged

CD95 stimulation suggests an activity of CD95 that is independent of its stimulation by CD95L. This conclu-

sion is also supported by our companion study demonstrating that deletion of CD95 in both human and

mouse TNBC cells resulted in NF-kB activation and the secretion of proinflammatory chemo- and cytokines

(Guegan et al., 2021). Mechanistically we identified KPC2 as a novel CD95 interaction partner that binds to

CD95’s C-terminal end and in unstimulated TNBC cells sequesters both the NF-kB subunit p65 and KPC1, a

ubiquitin ligase that degrades the p50 precursor p105 (Kravtsova-Ivantsiv et al., 2015). We showed that

when CD95 is lost, p105 gets degraded shifting the balance of NF-kB subunits from repressive p50/p50

homodimers to transcriptionally active p50/p65 heterodimers. That in turn unleashes the production of in-

flammatory cytokines, regulating the recruitment of a number of immune cells including NK cells.

We can exclude 4T1 cells as a source of CD95L, as they do not express CD95L (Sinha et al., 2011), and the

activation of NF-kB did not occur after deletion of the CD95L gene (Guegan et al., 2021). Our data therefore

provide support of the idea not only to target CD95L to block the tumorpromoting activities of CD95L

(Wick et al., 2014, 2019a, 2019b) but also to target the CD95 receptor directly.

In summary, this study reveals that CD95 expression on tumor cells impairs the immune attack and when

removed enhances the destruction of tumors by the immune system (Figure 5), suggesting that CD95 is

an immune checkpoint regulator, and the generation of CD95-targeting antagonists could mimic or add

to the therapeutic effects of established checkpoint inhibitors.
Limitations of the study

CD95 has been shown to have many tumor promoting activities. Our new data now raise the question of

how this new activity contributes to or interferes with these established activities. In general, it needs to

be tested in what cancers or breast cancer subtypes CD95 acts as an immune suppressor. We cannot
10 iScience 24, 103348, November 19, 2021



Figure 5. Model to illustrate the novel activity of CD95 as an immune suppressor in TNBC

In addition to its well-established function as an apoptosis inducing receptor (I), CD95 has multiple nonapoptotic

activities. When apoptosis-resistant tumor cells are exposed to CD95L, this causes increased tumor growth, cancer

stemness, or metastasis (II). In TNBC cells where it is highly expressed, deletion of CD95 results in an increase of tumor

infiltrating immune cells and in the 4T1 model in tumor destruction by NK cells.
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exclude that in other cancers immune cells other thanNK cells are involved in the tumor attack. Because the

activity of CD95 manifests when CD95 is deleted from the tumor cells, stimulation of CD95 by CD95L is

likely not involved in the immune destruction. Although we cannot exclude that CD95L stimulation of

wild-type cells triggers a signaling program in the tumor that suppresses immune infiltration, our compan-

ion manuscript (Guegan et al., 2021) rather suggests that this activity does not involve CD95L.
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STAR+METHODS

KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb Cell Signaling Technologies Cat.# 9167; RRID: AB_561284

PECAM-1 Antibody (M-20)-CD31 Santa Cruz Cat.# sc-1506; RRID: AB_216103

Rat anti-Mouse Ly-6G BD Bioscience Cat.# 551459; RRID: AB_394206

Recombinant Anti-CD11b antibody [EPR1344] Abcam Cat.# ab133357; RRID: AB_2650514

FOXP3 Monoclonal Antibody (FJK-16s) eBioscience� Cat.# 14-5773-82; RRID: AB_467576

Mouse NKp46/NCR1 Antibody R&D Systems Cat.# AF2225; RRID: AB_355192

CD8a Monoclonal Antibody (4SM16) eBioscience� Cat.# 14-0195-82; RRID: AB_2637159

CD4 Monoclonal Antibody (4SM95) eBioscience� Cat.# 14-9766-82; RRID: AB_2573008

F4/80 Monoclonal Antibody (BM8) eBioscience� Cat.# 14-4801; RRID: AB_467558

Biotin-SP-AffiniPure donkey anti-rabbit IgG (H+L) Jackson ImmunoResearch Laboratories Cat.# 711-065-152; RRID: AB_2340593

Biotin-SP-AffiniPure donkey anti-rat IgG (H+L) Jackson ImmunoResearch Laboratories Cat.# 712-065-153; RRID: AB_2315779

PE conjugated-anti-CD95 eBioscience� Cat.# 12-0951-83; RRID: AB_465789

PE conjugated Isotype control eBioscience� Cat.# 12-4714-82; RRID: AB_470060

Isotype Rat IgG2b control eBioscience� Cat.# 17-4031-82; RRID: AB_470176

anti-CD44-APC conjugated eBioscience� Cat.# 17-0441-82; RRID: AB_469390

CCR4-BV421 Biolegend Cat.# 131218; RRID: AB_2650890

CXCR5-BV605 Biolegend Cat.# 145513; RRID: AB_2562208

CD8-BV650 Biolegend Cat.# 100742; RRID: AB_2564509

CXCR3-BV711 BD Bioscience Cat.# 740825; RRID: AB_2740483

CD45-BV785 Biolegend Cat.# 103149; RRID: AB_2564590

CCR6-PE/Dazzle594 Biolegend Cat.# 129822; RRID: AB_2687019

F4/80-BV605 Biolegend Cat.# 123133; RRID: AB_2562305

Gr1-PE/Dazzle594 Biolegend Cat.# 108452; RRID: AB_2564249

Ly6C-PE/Cy7 Biolegend Cat.# 128017; RRID: AB_1732093

Ly6G-APC Biolegend Cat.# 127613; RRID: AB_1877163

CD11b-BV510 Biolegend Cat.# 101263; RRID: AB_2629529

FoxP3-BV421 Biolegend Cat.# 126419; RRID: AB_2565933

CD4-AF488 Biolegend Cat.# 100532; RRID: AB_493373

CD3-PerCP/Cy5.5 Biolegend Cat.# 100218; RRID: AB_1595492

CD38-PE-Dazzle594 Biolegend Cat.# 102729; RRID: AB_2632890

CD25-PE/Cy7 Biolegend Cat.# 102015; RRID: AB_312865

anti-mouse CD8 mAb (clone 53-6.7) BioXCell Cat.# BE0004-1; RRID: AB_1107671

IgG2a isotype control (clone 2A3) BioXCell Cat.# BE0089; RRID: AB_1107769

anti-mouse CD4 mAb (clone GK1.5) BioXCell Cat.# BE0003-1; RRID: AB_1107636

IgG2b isotype control (clone 2.43) BioXCell Cat.# BP0090; RRID: AB_2891360

anti-Asialo GM1 rabbit polyclonal antibody Thermo Fisher Scientific Cat.# 16-6507-39; RRID: AB_10718540

Polyclonal rabbit IgG Thermo Fisher Scientific Cat.# 31235; RRID: AB_243593

anti-mouse CSF1-R mAb (clone AFS98) BioXCell Cat.# BP0213; RRID: AB_2894813

Bacterial and virus strains

pFU-L2G luciferase lentivirus Dr. Sanjiv Sam Gambhir at Stanford

University, Stanford CA

Lois et al., 2002

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

lentiCas9-Blast virus Addgene Cat.# 52962

PX459-V2 plasmid Addgene Cat.# 62988

Zombie NIR Biolegend Cat.# 423106

Chemicals, peptides, and recombinant proteins

RPMI 1640 medium Fisher Scientific Cat.# 10040CM

Fetal bovine serum (FBS) Sigma-Aldrich Cat.# 14009C

L-glutamine Fisher Scientific Cat.# 25-005CI

Penicillin/Streptomycin Fisher Scientific Cat.# 30-002-CI

IFNb pbl Assay Science Cat.# 11415-1

Leucine zipper tagged CD95L (LzCD95L) Henning Walzcak (University College

of London Cancer Institute)

(Walczak et al., 1999)

Propidium iodide Sigma-Aldrich Cat.# P4864

Bovine serum albumin Sigma-Aldrich Cat.# A7906

Puromycin Sigma-Aldrich Cat.# P9620

Blasticidin InvivoGen Cat.# ant-bl-1

G418 Sigma-Aldrich Cat.# G8168

Hydrocortisone Sigma-Aldrich Cat.# H0888

Polybrene Sigma-Aldrich Cat.# H9268

TransIT-X2 transfecting reagent Mirus Cat.# MIR 6003

Lipofectamine 3000 Thermo Fisher Scientific Cat.# L3000015

Epicult media Stem Cell Technology Cat.# 5630

Mammocult media Stem Cell Technology Cat.# 5620

Heparin Stem Cell Technology Cat.# 07980

Trypan blue solution Lonza Cat.# 17-942-E

Matrigel Trevigen Cat.# 3432-010-01

Normal buffered formalin VWR Cat.# 16004-128

DNAse Set Qiagen Cat.# 79254

Critical commercial assays

EdU flow cytometry kit 488 EdU Sigma-Aldrich Cat.# BCK-FC488-50

Aldefluor kit Stem Cell Technologies Cat.# 1700

Tumor Dissociation Kit, mouse Miltenyi Biotec Cat.# 130-096-730

QIAzol lysis reagent Qiagen Cat.# 79306

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems Cat.# 4368814

miRNeasy Mini Kit Qiagen Sciences Cat.# 217004

KAPA HiFi HotStart master mix (KK2601) Roche Sequencing Store Cat.# KK2601

TRIzol Invitrogen Cat.# 15596018

Deposited data

RNAseq data of the 4T1 wt and CD95 k.o cell lines Peter Lab GEO: GSE154676

RNAseq data of 4T1 wt and CD95 k.o tumors grown

in NGS and Balb/c mice

Peter Lab GEO: GSE154682

Experimental models: Cell lines

4T1 cell line to generate the F- and U-clones American Type Culture Collection (ATCC) Cat# CRL-2539

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice Jackson laboratory Stock #: 005557

Balb/cJ mice Jackson laboratory Stock #: 000651

NOD/Shi-scid/IL-2Rnull (NSG) mice Charles River, France Strain code: 614

NOD.CB17-Prkdcscid/NCrCrl (NOD/SCID) mice Charles River, France Strain code: 394

Balb/cByJ mice Charles River, France Strain code: 028

Oligonucleotides

mGAPDH Life technologies Mm99999915_g1

Exon9 specific mCD95 Life technologies Mm01204974_m1

Exon 1-2 specific mCD95 Life technologies Mm00433237_m1

mCD95L Life technologies Mm00438864_m1

mSTAT1 Life technologies Mm01257286_m1

mPLSCR1 Life technologies Mm01228223_g1

mBMI1 Life technologies Mm03053308_g1

mZEB1 Life technologies Mm00495564_m1

mZEB2 Life technologies Mm00497196_m1

Software and algorithms

FlowJo version 8.8.6 (Treestar Inc). Becton, Dickinson & Company https://www.flowjo.com/

Novoexpress software Agilent https://www.agilent.com/en/product/research-

flow-cytometry/flow-cytometry-software/

novocyte-novoexpress-software-1320805

NDP (NanoZoomer Digital Pathology) Hamamatsu Inc https://www.hamamatsu.com/us/en/product/

type/U12388-01/index.html)

Visiopharm Image analysis Suite VIS, Horsholm, Denmark https://visiopharm.com

Prism Software Graphpad Software https://www.graphpad.com/

Other

IncuCyte Zoom Essen Bioscience Cat.#: FLR30140

IncuCute Zoom sofware version 2016A Essen Bioscience Essenbioscience.com

Novocyte Quanteon cytometer Agilent Cat.#: 2010097
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-

tact Marcus Peter, E-mail: m-peter@northwestern.edu.

Materials availability

Materials generated in this study can be made available upon request to the Lead Contact.

Data and code availability

Data availability. Sequencing data have been deposited in the National Cancer for Biotechnology Informa-

tion Gene Expression Omnibus with accession number GSE154676 (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE154676, for the RNAseq analysis of the cell lines) and GSE154682 (https://www.

ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154682, for the RNAseq data of the tumors grown in mice).

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

The mouse breast cancer cell line to generate the U-clones 4T1 was purchased from the ATCC and

cultured in RPMI 1640 medium (Mediatech Inc) containing 10% heat-inactivated fetal bovine serum (FBS)

(Sigma-Aldrich), 1% L-glutamine (Mediatech Inc) and 1% penicillin/streptomycin (Mediatech Inc). The

4T1 cell line to generate the F-clones was purchased from ATCC (Molsheim Cedex, France) and cultured

in RPMI supplemented with 8% heat-inactivated FCS (v/v) and 2 mM L-glutamine at 37�C/5% CO2.

Animal studies

Animal studies in the US were performed according to the Northwestern University Institutional Animal

Care and Use Committee (IACUC)-approved protocol. Animal studies in France were conducted under

EU and French animal welfare regulations for animal use in experimentation (European Directive 2010/

63/EU and French decree and orders of February 1st, 2013) and approved by local ethics committee

(Agreement no. #16487-2018082108541206 v3).

Growth of 4T1 cells in NGS and Balb/c mice

U-clones: 4T1 vCas9 (wt) and CD95 k.o. clones #54 and #69 were infected with pFU-L2G luciferase lentivirus

as previously described (Ceppi et al., 2014). Then cells (13105) of wt or a 1:1 mixture of the CD95 k.o. clones

were injected in 100 ml PBS andMatrigel (Cat#3432-010-01, Trevigen) (1:1 ratio) into the fourth mammary fat

pad at the base of the nipple into female NOD-scid-gamma (NSG) mice and Balb/c mice (Jackson lab).

Growth of tumors was monitored weekly by using an IVIS Spectrum in vivo imaging system and lumines-

cence was quantified at the regions of interest (ROI = the same area for each mouse encompassing the

entire mammary gland) using the Living Image software. For some experiments L2G luciferase (Luc-neo)

infected cells were further infected with NucLight Red Lentivirus Reagent (EF-1 alpha promoter, Puromycin

selection, Essen Bioscience) and the stable cells were individually injected into the fourth mammary. In

some cases unmodified cells were injected. In other experiments 4T1 CD95 k.o. #54 cells (13105) (Luc-

neo/Nuc-red) and CD95 k.o. #69 cells (Luc-neo/Nuc-red) were injected into samemouse. To grow F-clones

in vivo: 5x104 cells in PBS were injected in the fourth mammary fat pad at the base of the nipple into female

Balb/c (Charles River, France). From Day 6, tumor volume was measured with a set of calipers and calcu-

lated by using the following formula: volume = (length3width2)/2. A colony of immunocompromised

NSGmice (NOD/SCID/IL2rgnull) was maintained in house under aseptic sterile conditions. After two weeks

of injection, tumor volume was measured with a set of calipers and calculated by using the following for-

mula: volume = (length3width2)/2.

METHOD DETAILS

Reagents

Leucine zipper tagged CD95L (LzCD95L) was used to induce apoptosis at 100 ng/ml as described before

unless otherwise specified (Qadir et al., 2017). IFNb (11415-1) (used at 1000U/ml) was purchased from pbl

Assay Science. Propidium iodide (#P4864), bovine serum albumin (BSA), EdU flow cytometry kit 488, puro-

mycin, G418 and hydrocortisone were purchased from Sigma-Aldrich. Blasticidin was purchased from In-

vivoGen. Reagents used for flow cytometry, anti-CD44-APC conjugated (17-0441-82), Isotype Rat IgG2b

control (17-4031-82), PE conjugated-anti-CD95 (2-0951-83) and PE conjugated Isotype control (12-4714-

82) were from eBioscience. The Aldefluor kit (Stem Cell Technologies) was used for the staining and quan-

tification of ALDH1 activity by flow cytometry. Gates were based on the analysis of cells treated with the

specific inhibiting reagent DEAB as a negative control following the instructions by the manufacturer.

For the immune histochemistry (IHC) of tumor slides samples the following primary antibodies were

used F4/80 (eBioscience� # 14-4801), CD4 (eBioscience� #14-9766-82), CD8 (eBioscience� #14-0195-

82), pSTAT1 (Cell Signaling #9167), CD31 (Santa Cruz #sc-1506), Ly6G (BD Bioscience #551459), CD11b

(Abcam #ab133357), FOXP3 (eBioscience� #14-5773-82), and NKp46 (R&D Systems, AF2225). The second-

ary antibodies Biotin-SP-AffiniPure donkey anti-rabbit IgG (H+L) (#711-065-152) and Biotin-SP-AffiniPure

donkey anti-rat IgG (H+L) (#712-065-153) were from Jackson ImmunoResearch Laboratories.

CRISPR/Cas9 mediated deletion of CD95

Generation of the CD95 k.o. U-clones: In order to generate CD95 k.o. 4T1 clones, first stably expressing

lentiCas9-Blast-4T1 cell (vCas9-4T1) lines were established. The lentiCas9-Blast virus was obtained from

the viral core facility of Northwestern University. 4T1 cells (105/well) were plated in 6 well plates and on
18 iScience 24, 103348, November 19, 2021
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the next day cells were infected with the indicated lentiCas9-Blast virus supernatants with polybrene (final

concentration: 8 mg/ml). Culture supernatants were replaced with fresh medium containing antibiotics 48

hours after transduction. Uninfected cells were eliminated by a selection medium RPM1-1640 including

4 mg/ml Blasticidin. The two guide RNAs for exon 9 deletion of CD95 gene GCCGGGTTCACATCTGCGC

TAGG and CTTGAGGAATCTGATGACCGTGG were designed using the CRISPR design tool available at

crispr.mit.edu. The 19-20nt crisprRNA (crRNA) complementary to the target of interest and 67nt transacti-

vating crRNA (tracrRNA), which served as a bridge between the cas9 protein and the crRNA, were ordered

from IDT. vCas9-4T1 cells were transfected with crRNA and tracrRNA according the manufactures protocol

using TransIT-X2 transfecting reagent (Mirus) in 12 well plates. 3 days after transfection cells were subjected

to cell sorting at 1 cell per well directly into 96-well plates. After two to three weeks, single cell clones were

expanded and subjected to genotyping and single cell cloning. Deletions in clones were verified by

genomic PCR using external and internal primers pairs. To detect the Exon 9 specific deletion in the

CD95 gene, external primers were 5’-GGAACAGACCAAGCTTCCGA-3’ (For. primer) and 5’-TCCAGAA

CACAGCCATGGTT-3’ (Rev. primer), and two internal reverse primers were 5’-TTGAGTAAATACATCCC

GAGAATTG-3’ (For. primer) and 5’-AGCAAGACAACAGAGCAATAGAAAT-3’(Rev. primer) (product size

790bp) and 5’-ATGCATGACAGCATCCAAGA-3’ (For. primer) and 5’-TGCTGGCAAAGAGAACACAC-

3’(Rev primer) (product size 338bp). After screening clones, Sanger sequencing was performed to confirm

the proper deletion had occurred.

Generation of the CD95 k.o. F-clones: The following sgRNA sequences were cloned within PX459-V2

plasmid and then transfected with lipofectamine 3000 in 4T1 to generate cell lines deficient for CD95 ac-

cording to manufacturer’s instructions. sgRNA sequences target mouse CD95: 5’CACCGCTGCAGAC

ATGCTGTGGATC3’ (Fwd), 5’AAACGATCCACAGCATGTCTGCAGC3’ (Rev). After transfection and puro-

mycin selection for 48h, genome-edited cells were cloned by limited dilution and CD95-deficient cells

were selected by flow cytometry.

FACS analysis

For CD95 surface-staining cell pellets of about 105 cells were resuspended in 100 ml of PBS on ice. After

resuspension, 5 ml of either anti-CD95 PE conjugated primary antibody or matching isotype control were

added. Cells were incubated on ice at 4�C, in the dark, for 30 min, washed twice with PBS, and percent

CD95 positive cells were determined by Becton Dickinson LSR Fortessa at the Flow Cytometry Core Facility

of the Northwestern University. ALDH1 activity was quantified as previously described (Ceppi et al., 2014).

For CD44 staining, cells were washed twice with PBS and stained with primary antibody or isotype control

for 30 min at 4�C in the dark, washed twice with PBS and CD44-APC positive cells were quantified. For

the analysis if ex vivo tumor, wt and CD95 k.o. 4T1 tumors were extracted and minced with sterile razor

blades and incubated for 2 h in the presence of Collagenase (1,000 units per sample) in sterile Epicult media

(Stem Cell Technology). Cells were washed with sterile filtered PBS supplemented with 1% bovine serum

albumin (PBS-BSA 1%) and filtered through a 40 mm nylon mesh (BD Biosciences). For the detection of

ALDH1 or CD44, cells were stained as describe above. Data were analyzed using FlowJo version 8.8.6

(Treestar Inc).

To analyze immune cells infiltrating F-clone in Balb/c mice, tumors were harvested, dissociated on gentle-

MACS using the tumor dissociation kit (Miltenyi Biotec) and cells (250,000 cells) were stained with the

following antibody panels. T lymphocytes-infiltrating tumors were identified using an antibody panel con-

sisting of CCR4-BV421, CXCR5-BV605, CD8-BV650, CXCR3-BV711, CD45-BV785, CD4-AF488, CD3-PerCP/

Cy5.5, CCR6-PE/Dazzle594 antibodies and Zombie NIR for cell viability. MDSC and macrophage-infil-

trating tumors were stained using CD11b-BV510, F4/80-BV605, CD45-BV785, Gr1-PE/Dazzle594, Ly6C-

PE/Cy7, Ly6G-APC antibodies and Zombie NIR for cell viability. M1/M2 cells and Treg cells were monitored

in permeabilized cells using FoxP3-BV421, CD11b-BV510, F4/80-BV605, CD45-BV785, CD4-AF488, CD3-

PerCP/Cy5.5, CD38-PE-Dazzle594, CD25-PE/Cy7, and Zombie NIR for cell viability. All antibodies used

for tumor-infiltrating immune cells came from Biolegend (San Diego, CA, USA). Data were acquired using

a Novocyte cytometer (ACEA Biosciences) and analyzed using Novoexpress software.

Sphere forming assays

The single cell sphere formation assay was performed as previously described (Qadir et al., 2017), In brief,

cells were pre-treated with LzCD95L, IFNb, or received no treatment for 6 days. Cell suspensions were

passed through a 40 mm sterile cell strainer (Fisher Scientific) to obtain single cells. The strained cell
iScience 24, 103348, November 19, 2021 19
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suspension was serially diluted in Mammocult media (Stem Cell Technology) and seeded at 1 cell/well in

ultra-low adherence round bottom 96-well plates (Corning) in triplicate. The cells were cultured in Mammo-

cult media supplemented with 4 mg/ml Heparin (Stem Cell Technology), 0.5 mg/ml hydrocortisone and 10%

Mammocult Proliferation Supplement (Stem Cell Technology). After 6-7 days, cultures of U-clones were

scanned using IncuCyte Zoom and spheres were counted. For F-clones, spheroids were counted manually.

To assess the differences between parental and CD95 k.o. 4T1 cells, the cells were seeded without any

treatment.

Cell growth/Proliferation assay

To monitor cell proliferation in parental, vCas9, CD95 k.o. #54 and CD95 k.o. #69 4T1 cells (U-clones), cells

were seeded at 1000 cells/well in 96 well plates. Cell growth was monitored in quadruplicate samples at

various time points in an IncuCyte Zoom using a confluency mask. To monitor proliferation of 4T1 parental

cells with LzCD95L or IFNb, 1000 cells/well were plated in 96 well, with media containing LzCD95L or IFNb

or no treatment and cell growth was monitored over time.

For F-clones, EdU (5-ethynyl-2’-deoxyuridine) proliferation assay (Sigma-Aldrich) was carried out according

to the manufacturer’s instructions. Briefly, 4T1 cells were incubated for 1h with 10 mM of the thymidine

analog EdU, then washed and fixed with PFA (4%) for 15 min. DNA synthesis (S phase) is associated with

EdU incorporation. Finally, iFluor-488, is added and a ’click’ chemistry reaction allows its covalent cross-

linking to the EdU. Cell proliferation (EdU positive cells) was quantified using the Novocyte flow cytometer.

Cell death assays and cell cycle analysis

To quantify cell death, 50,000 cells were plated in 12 well plates in triplicate and then either left untreated or

treated with different concentration of LzCD95L for 24 hr. The total cell pellet consisting of live and dead

cells was either re-suspended in lysis buffer (0.1% sodium citrate, pH 7.4, 0.05% Triton X-100, 50 mg/ml pro-

pidium iodide), and after incubating for 2-4 hours in the dark at 4�C, percent cell death was quantified by

flow cytometry or cells were re-suspended in media and an equal volume of Trypan blue solution (Lonza)

was added. Both living and dead (blue) cells were counted on a hemocytometer under a light microscope.

To perform cell cycle analysis, 600,000 cells were plated in 6 well plates in triplicate. After 16-20 hours (at

�80% confluence), plates were gently rinsed with PBS and trypsinized to obtain cell pellets. Cell pellets

were then washed (resuspended in 2.5 ml PBS, centrifuged at 500 x g for 5 minutes, and then decanted)

and resuspended in 500 ml lysis buffer (see above) and kept on ice and protected from light. Immediately

before FACS analysis, samples were spiked with 1:500 DAPI solution as a counterstain to assess cell viability

(with corresponding no DAPI controls). Samples were then analyzed on a BD FacsAria SORP 6-Laser Cell

sorter at the RHLCCC Flow Cytometry Core Facility. Subsequent data were analyzed using FlowJo 10

software.

Real-time PCR

Real-time PCR was performed as described recently (Qadir et al., 2017). In brief, total RNA was extracted using

QIAzol Lysis reagent (Qiagen Sciences) and RNA concentration was measured using a NanoDrop 2000. 1-2 mg

of total RNA was used to generate cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied

Biosystems). Gene expression in mouse cells was quantified using specific primers from Life technologies

for mGAPDH (Mm99999915_g1), Exon9 specific mCD95 (Mm01204974_m1), Exon 1-2 specific mCD95

(Mm00433237_m1), mCD95L (Mm00438864_m1) mSTAT1 (Mm01257286_m1), mPLSCR1 (Mm01228223_g1),

mBMI1, (Mm03053308_g1), mZEB1 (Mm00495564_m1) and mZEB2 (Mm00497196_m1) using of the compara-

tive DDCT method and expressed as fold differences.

Depletion of immune cells in mice

To deplete CD8 T cells mice (5 mice/group) were injected i.p. with 200 mg of either anti-mouse CD8 mAb

(clone 53-6.7, BioXCell) or IgG2a isotype control (2A3, BioXCell) both in 100 ml. To deplete CD4 T cells mice

(5 mice/group) were injected i.p. with 200 mg of either anti-mouse CD4 mAb (GK1.5, BioXCell) or IgG2b

isotype control (2.43, BioXCell) both in 100 ml. To deplete NK cells mice (5 mice/group) were injected

i.p. with 50 mg of either anti-Asialo GM1 rabbit polyclonal antibody (ThermoFisher) or polyclonal rabbit

IgG (ThermoFisher) both in 100 ml. To inhibit CSF1-R mice (5 mice/group) were injected i.p. with 20 mg/

kg of either anti-mouse CSF1-R mAb (clone AFS98, BioXCell) or control rat IgG2a (BioXCell) both in

100 ml. Injection frequencies are shown in Figures 3A, 4C, S4A, and S4D.
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Immunohistochemistry analysis

Tumors were fixed in 10% normal buffered formalin (VWR, Cat.No.: 16004-128) for 24 hrs, and further pro-

cessed by the Northwestern University Mouse Histology & Phenotyping Laboratory (MHPL) (paraffin

embedding, sectioning at 4 mm, slide preparation, and staining). Tissue sections of each specimen were

stained using hematoxylin and Eosin (H&E) staining. The expression of F4/80, CD4, CD8, pSTAT1, CD31,

FOXP3, Ly6G, CD11b, and NKp46 was determined in tumor and/or spleen slides. Paraffin sections were

dewaxed and blocked with 5% BSA. The sections were then incubated with the relevant antibodies at

4�C overnight. The sections were washed with PBS. For immunohistochemical analysis, sections were incu-

bated with donkey anti-rabbit or donkey anti-rat antibody. Slides were examined and representative fields

were photographed at 5x or 20x magnification using a Leica DM4000 B microscope. The immune-positive

cells and staining intensities were quantified in a circle that was placed in each staining at the same position

in a tumor of the 5x images. For each tumor and condition 8 fields were counted.
IHC quantification

Stained slides on standard size (26 mm x 76 mm) were scanned using NanoZoomer 2.0-HT (020234 by

Olympus America Inc.) with scanning mode of x20 (0.46 mm/pixel) either automatic or semi-automatic

set up under SOP (MICR 1.1.03) at the department of Pathology and RHLCCCCore Facility of Northwestern

University. The digital images were then stored as high definition and were analyzed with NDP

(NanoZoomer Digital Pathology, Hamamatsu Inc.) View software (https://www.hamamatsu.com/us/en/

product/type/U12388-01/index.html) for quantification analysis. For identification of individual nuclei in

the tissue, we trained a Cell Classifier in the Visiopharm Image analysis Suite (VIS, Horsholm, Denmark)

by manually annotating exemplar nuclei that were positive and negative for DAB (DAB+ and DAB-, respec-

tively). Once the Cell Classifier was trained, we applied the trained Cell Classifier to all images to generate

counts of DAB+ and DAB- nuclei and calculate a percent positive index. Three sets of tumors and two sets

of spleens were analyzed for Ly6G, CD11b and TUNEL staining; in set 1 the entire tumor of multiple slides

from 4T1 wt and CD95 k.o. in BALB/c mice were scanned, average percent positive cells for Ly6G and CD11

were determined. In set 2, either the entire tumor or 3 selected independent fields from pure tumor in mul-

tiple slides were quantified as average percent positive cells for TUNEL stain from 4T1 wt and CD95 k.o. in

BALB/c mice treated with IgG or anti-CD8 Ab. Set 3 included the quantification of Ly6G staining in the

entire tumor of multiple slides from 4T1 wt and CD95 k.o. tumors in NSG mice. Set 4 was the quantification

of CD8, CD4, or NKp46 positive cells in spleens of depleted mice.
RNA-seq library construction from cell lLines grown in vitro

Total RNA from cells (U-clones) was extracted using TRIzol (Invitrogen 15596018). mRNAs were enriched

using Oligo d(T)25 Magnetic Beads (NEB S1419S) following manufacturer’s protocol. mRNAs were then

fragmented at 94�C in 10 mM MgCl2 buffer. Fragmented RNAs were end-repaired by T4 PNK (NEB

M0201S) and poly(A)-tailed by E. coli Poly(A) Polymerase (NEB M0276S). The poly(A) tailed RNA fragments

were reverse transcribed to cDNA using custom-designed oligo(dT) and locked nucleic acid (LNA) based

on SMART-seq2method (Picelli et al., 2014). The cDNAs were then PCR amplified using KAPAHiFi HotStart

master mix (KK2601). 200-400 bp fragments of the library were cut from gels for Illumina Hiseq sequencing.
RNA-seq library construction from tumors grown in vivo

For the RNA sequencing wt and CD95 k.o. 4T1 tumors were isolated from NGS and Balb/c mice and tumor

tissues were store in RNA later solution until further use. For RNA isolation tumor tissue was lysed using

Qiazol and total RNAwas isolated using themiRNeasy Mini Kit (Qiagen, Cat.No# 74004) following theman-

ufacturer’s instructions. An on-column digestion step using the RNAse-free DNAse Set (Qiagen, Cat.No#

79254) was included for all RNA-Seq samples. RNA libraries were generated and sequenced (Genomics

Core at Northwestern University). The quality of reads, in FASTQ format, was evaluated using FastQC.

Reads were trimmed to remove Illumina adapters from the 3’ ends using cutadapt (Martin, 2011). Trimmed

reads were aligned to the mouse genome (m38/mm10) using STAR (Dobin et al., 2013). Read counts for

each gene were calculated using htseq-count (Anders et al., 2015) in conjunction with a gene annotation

file for m38 obtained from Ensembl (http://useast.ensembl.org/index.html). Normalization and differential

expression were calculated using DESeq2 that employs the Wald test (Love et al., 2014). The cutoff for

determining significantly differentially expressed genes was an FDR-adjusted p-value less than 0.05 using

the Benjamini-Hochberg method.
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RNA-seq and gene ontology data analysis

We used the first end of the sequencing reads for the analyses. The raw reads were filtered to remove low-

quality reads using FASTQ Quality Filter from FASTX-Toolkit v0.0.14 (RRID:SCR_005534). High-quality

reads were then mapped to the mouse reference genome (mm10) using STAR v2.6.0 (RRID:SCR_015899)

with the following options to generate BAM files, count files, and read coverage tracks: –outSAMtype

BAM SortedByCoordinate –quantMode TranscriptomeSAM GeneCounts –outWigType bedGraph –out-

WigNorm RPM. The transcriptomic BAM file was used to quantify gene expression using RSEM v1.3.0

(RRID:SCR_013027). Differential gene expression analysis was carried out on the gene counts usingDESeq2

(RRID:SCR_015687). Gene expression (log2(TPM + 1)) was normalized to the mean of the corresponding

control samples and significantly differentially expressed genes (DESeq2 adjusted p-value < 0.05) were

clustered into 6 groups using k-means clustering. Gene ontology analysis was performed for each cluster

using the TopGO package (RRID:SCR_014798). Heatmaps were created with the pheatmap package

v1.0.12 (RRID:SCR_016418). All analyses were carried out using R v3.6.3 (RRID:SCR_001905). The GO enrich-

ment analyses shown in Figure 3B was performed using the GOrilla gene ontology analysis tool at http://

cbl-gorilla.cs.technion.ac.il using default settings and a p-value cut-off of 10-6.
QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were performed in triplicate. The results were expressed as mean G SD and analyzed

by the Student’s two-tailed t test or by two-way ANOVA (Prism8). Statistical significance was defined as

p < 0.05.
ADDITIONAL RESOURCES

This study has not generated or contributed to a new website/forum and is not part of a clinical trial.
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