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Introduction

Studies of NK cells in tumors have primarily focused on their direct actions towards tumor cells. We evaluated the impact of NK cells on expression of homing receptor ligands on tumor vasculature, intratumoral T cell number and function, and T cell activation in tumor draining lymph node.



Methods

Using an implantable mouse model of melanoma, T cell responses and homing receptor ligand expression on the vasculature were evaluated with and without NK cells present during the early stages of the tumor response by flow cytometry.



Results

NK cells in early-stage tumors are one source of IFNγ that augments homing receptor ligand expression. More significantly, NK cell depletion resulted in increased numbers of intratumoral T cells with an anergic phenotype. Anergic T cell development in tumor draining lymph node was associated with increased T-cell receptor signaling but decreased proliferation and effector cell activity, and an incomplete maturation phenotype of antigen presenting cells. These effects of NK depletion were similar to those of blocking CD40L stimulation.



Discussion

We conclude that an important function of NK cells is to drive proper APC maturation via CD40L during responses to early-stage tumors, reducing development of anergic T cells. The reduced development of anergic T cells resulting in improved tumor control and T cell responses when NK cells were present.





Keywords: natural killer (Nk) cell, anergic T cells, CD40L blockade, antigen presenting cell (APC), B16 melanoma



Introduction

It has been shown that the adaptive immune system generates anti-tumor responses, particularly T cell responses, that delay tumor growth. The level of T cell infiltrate in tumors is associated with enhanced 5-year survival times (1). Additionally, clinical responses to immunotherapies correlate with the size of the T cell infiltrate in tumors prior to therapy (2, 3) suggesting that the magnitude and quality of the immune response prior to therapy is an important determinant of responsiveness to future therapy. However, the size and quality of the T cell infiltrate in tumors can be determined by many factors.

One key factor is entry into the tumor, which requires expression of appropriate homing receptors (HR) on T cells and homing receptor ligands (HRL) on tumor vasculature (4–7). VCAM-1, ICAM-1, and CXCL9 are key HRL for infiltration of CD8+ T cells in several tumor models (8–10). We also previously established that in late-stage (>14 days) B16 melanoma tumors, expression of these HRL depends on IFNγ produced by CD8+ T cells (9). However, it is unclear what induces HRL expression to promote the initial infiltration of these CD8+ T cells in early-stage tumors. An interesting possibility is that this is due to innate immune cells that produce inflammatory cytokines, including IFNγ, and are present in the tissue prior to tumor formation.

A second factor is the effectiveness of T cell priming in the tumor draining lymph nodes (TDLN). This is dictated by the number and quality of antigens expressed by tumors, how much antigen arrives in the draining lymph node (LN) by direct drainage or transport by migrating dendritic cells (DC), and the maturation state of the antigen presenting DC (11, 12). It has been well-established that the maturation state of DC in tumors is suboptimal and/or immunosuppressive (12–15). This can arise as a consequence of different factors in the tumor microenvironment (TME), including immunosuppressive cells (CD4+ T regulatory cells, myeloid derived suppressor cells, fibroblasts, tumor cells), cytokines such as TGFβ and VEGF, and hypoxia (16).

An interesting and relatively unexplored area is the contribution that NK cells make to the size or quality of the T cell infiltrate in tumors. Studies of NK cell function in tumors have largely focused on their direct actions towards tumor cells. Although tumor cell killing and inflammatory cytokine secretion by NK cells play a role in containing metastatic spread (17–20), NK cells rarely play a significant role in determining the growth rate of primary tumor (21, 22) as they are often dysfunctional in advanced tumors (21, 23) due at least partially to the TME (24). It has been hypothesized that NK cells promote the availability of tumor antigen by killing tumor cells (25, 26). This is supported by observations that functional NK cells can promote DC maturation in murine in vitro systems and infection models (27, 28), and in human in vitro systems (29, 30) and promote initiation of immune responses through DC crosstalk (31). Recent studies have also demonstrated that NK cells promote larger numbers of DC in tumors (3, 32). NK cells have also been shown to be in close proximity to DCs in murine (3) and human (33) tumors, suggesting possible interactions. However it is also possible that NK cells limit anti-tumor immune responses through their well-established killing of T cells (34, 35) and antigen presenting cells (36). Given these differing NK cell effects on T cell immunity, it is unclear what effect they would have on T cell priming in TDLN and T cell activity over the course of tumor outgrowth.

In the present work, we evaluated the impact of NK cells on HRL expression on tumor vasculature, intratumoral T cell number and activity, and T cell priming and DC maturation in TDLN. Considering the possible loss of NK function over time, we focused our work on tumors harvested 7 days after implantation, the earliest reliable point at which we could locate them. Our results establish that NK cells promote DC maturation and improved quality of T cell activation in TDLN, and their absence leads to an increased number of dysfunctional tumor infiltrating lymphocytes (TIL) that fail to persist. These results illuminate a novel aspect of NK cell function in early-stage tumors.



Materials and methods


Mice

C57BL/6 mice were from Charles River/NCI. Nur77-GFP reporter (C57BL/6-Tg(Nr4a1-EGFP/cre)820Khog/J) (37), OT-I transgenic (C57BL/6-Tg(TcraTcrb)1100Mjb/J) (38), Thy1.1 congenic mice (B6.PL-Thy1a/CyJ) (39), Rag1ko mice (B6.Rag1em10Lutzy) and Perforinko (C57BL/6-Prf1tm1Sdz/J) (40) mice, all from Jackson Laboratories, were bred and maintained in a pathogen-free facility at the University of Virginia. Six to 12-week-old Nur77-GFP x (OT-I x Thy1.1) F1 mice were the source of mice expressing OT-I+Thy1.1+Nur77-GFP+ cells used for adoptive transfer. All procedures were approved by the University of Virginia Animal Care and Use Committee in accordance with the NIH Guide for Care and Use of Laboratory Animals.



Cell lines

B16-F1 cells transfected to express cytoplasmic ovalbumin (ova) have been described (41). Ova-transfected B16-F1 (B16-ova) were cultured in RPMI-1640 (Corning) supplemented with 5% FBS (Sigma), 15 mM HEPES and 2 mM L-glutamine (both from Gibco). Blasticidin (10μg/ml) (Gibco) was added to maintain ova expression in B16-ova. Cells were authenticated by visual confirmation of melanin pigment production in vitro and in vivo, and OVA expression confirmed by staining with the H-2Kb+ova peptide specific antibody 25-D1.16. Where indicated, B16-ova cells were transduced to express the fluorescent protein IRFP720 (42). All cultured cells injected into mice were within 2–8 passages after thaw and mycoplasma free.



Tumor implantation

B16-ova cells (4×105) in 200 μL phosphate-buffered saline (PBS) were injected subcutaneously (SC) in the neck scruff. Where indicated B16-ova cells were transduced with IRFP720 fluorescent protein to enable tumor cell identification prior to implantation. Mice were monitored for weight loss, signs of distress and tumor size every 2–3 days. Where indicated, mice were injected intraperitoneally (IP) daily with 5 μg/mL FTY720 (Novartis) or saline control for indicated periods of time during tumor growth. Where indicated mice were treated IP with 250 μg Brefeldin A (Sigma) 4–6 hours prior to harvest. At the time of harvest mice were euthanized and tumor, TDLN, NDLN, and/or spleen were collected and processed as outlined below.



Isolation of CD45+ and CD31+ tumor infiltrating cells

B16-ova tumors from C57BL/6 or Perforinko mice were harvested in RPMI-1640 (Corning) supplemented with 2% FBS, 0.05 mM β-mercaptoethanol, 40 μg/mL DNase (all from Sigma), 15 mM HEPES, 2 mM L-glutamine, 10 mM sodium pyruvate, 1X essential and non-essential amino acids, gentamicin (1 μg/mL) (all from Gibco), and liberase™ (76 μg/mL) (Roche). Tumors were digested for 15 min at 37°C, manually homogenized, and filtered through 70 μm mesh (Miltenyi) to prepare single cell suspensions. The CD45+ fraction was enriched with CD45 MicroBeads mouse (Miltenyi) using an AutoMACS instrument and analyzed by flow cytometry. Fractions with CD45+ cells removed were stained for CD31+ cells in selected experiments or a second enrichment was performed using CD31 MicroBeads (Miltenyi).



T cell ex vivo restimulation assay

B16-ova tumors from C57BL/6 mice were harvested and CD8+ cells isolated using MACS beads (Miltenyi) as described above. Cells were stimulated with CD3/CD28 T activator beads (10 μL/mL, Gibco) for 12 hours in the presence of anti-CD107a antibody (AF488, Biolegend) to mark degranulating cells. Brefeldin A (10 μg/mL) was added during the last 4-6 hours of culture to block secretion of intracellular cytokines.



Isolation of single cells from LN and spleen

LN were manually shredded using needles, and spleens were cut up manually with scissors. Tissue suspensions were digested using liberase™ (76 μg/mL) for 30 min at 37°C and then manually homogenized and filtered through 70 μm mesh (Miltenyi) prior to staining and analysis by flow cytometry.



Nur77-GFP reporter adoptive cell transfers

Single-cell suspensions of splenocytes from naïve Nur77-GFP+OT-I+Thy1.1+ mice were prepared smashing spleens between frosted glass slides and filtering cells through a 100 μm filter. Red blood cells were lysed using RBC lysis buffer (Invitrogen). Cells were washed twice, resuspended in PBS, and immediately injected IV (5x104) into Thy1.2+ C57BL/6 mice. The next day, recipient mice were implanted SC with B16-ova cells. Seven days post tumor implantation spleen, TDLN, and tumor were isolated and single cell suspensions prepared as described above.



NK cell depletion

Starting 2 days prior to tumor implantation NK cells were depleted by injection of 100 μg anti-NK1.1 (BioXcell) or isotype control (BioXcell) antibody IP into mice. Injections were repeated every 3 days until tumors were harvested. Depletion was confirmed in all mice used for analysis by flow cytometry (example tumor depletion shown in Supplementary Figures 2A–E).



PD-1 blockade

Starting on D3 post tumor implantation 200 μg of anti-PD-1 blocking antibody (BioXcell) or isotype control (BioXcell) was injected IP into tumor bearing mice with or without NK cell depletion. Injections were repeated every 3 days until tumors were harvested.



CD40L blockade

Mice were injected IP on D3 and D5 post tumor injection with 250 μg anti-CD40L blocking antibody (BioXcell) or an isotype control antibody (BioXcell) in 200 μl of PBS.



Flow cytometry

Cells were Fc blocked with 1:1000 anti-CD16/CD32 (2.4G2, BioXcell) and stained with Live/Dead Fixable Aqua (Life Technologies) in PBS for 20 min at 4°C. Subsequently cells were stained with fluorescently labeled antibodies in PBS supplemented with 2% FBS and 0.1% sodium azide for 30 min at 4°C. For extracellular stains only, cells were fixed in 2% paraformaldehyde (Thermo Scientific) for 10 min at 4°C. For intracellular and intranuclear stains, BD Cytofix/Cytoperm and BD Transcription Factor Staining kits were used according to manufacturer’s protocol. Data was acquired on Cytoflex (Beckman Coulter) or Attune (BD Biosciences) flow cytometers and analyzed using FlowJo software. In experiments that analyzed Nur77 expression, cells were directly analyzed without fixation. OT-I CD3+ CD8+ T cells were subsequently gated on Thy1.1+ before assessing Nur77 experiments. Normalized MFI values were generated on positive cells by dividing all values generated that day by the average of the isotype control group.



Annexin V staining

Following extracellular staining, cells were stained with Annexin V-APC in Annexin buffer (Biolegend). Cells were immediately run on the cytometer while still in the buffer.



Dextramer staining

Single cell suspensions from tumors or LN were incubated with SIINFEKL-Dextramer or irrelevant dextramer control (Immudex) for 1 h at 37°C. Cells were subsequently stained for other surface or intracellular markers as described above.



Statistical analysis

Data is displayed as mean with error bars representing SEM. Groups were compared using a one-way ANOVA with Tukey’s multiple comparisons test or a Students T test with Welch’s correction for comparisons only involving two groups. All analysis and graphs were performed using PRISM software (Graphpad).




Results


Early-stage tumors contain CD31+ endothelial cells expressing high levels of HRL and significant T cell infiltrates

To examine differences in early-stage and late-stage TME, we used flow cytometry of single cell suspensions to compare subcutaneous B16-ova tumors on day 7 (D7), the earliest time at which we could consistently locate them, to day 14 (D14) tumors. While the total number of CD31+ tumor vascular endothelial cells was higher in D14 tumors (Figure 1A), the numbers per g of tumor were similar on both days (Figure 1B), indicating that early-stage tumors are well-vascularized. The number and percentage of CD31+ cells expressing ICAM-1 was unchanged between D7 and D14, but VCAM-1 and CXCL9 (gating shown in Supplementary Figure 1A) were expressed by a higher number (Figures 1B, C) and percentage (Figures 1D, E) of these cells on D7, albeit at a similar mean fluorescence intensity (MFI) (Figure 1F). This suggests that effector T cells should be readily able to enter D7 tumors. Indeed, T cell infiltrates were evident, but the numbers per g of tumor were 46% lower for CD4+ cells and 65% lower for CD8+ cells on D7 than D14 (Figure 1G). This is consistent with the possibility that cells other than T cells might upregulate the expression of HRL, particularly VCAM-1 and CXCL9, on early-stage tumor endothelial cells.




Figure 1 | Early-stage tumors have high levels of endothelial HRL expression, substantial innate immune cell infiltrates, and functional NK cells. B16-ova tumors (A–K), or B16-ova expressing IRFP720 to identify tumor cells (L), were implanted into WT B6 mice and harvested on D7, D10, or D14. Single cell suspensions were enriched for CD45+ cells using MACS Beads and the CD45neg (A–F, L) or CD45+ (G–K) fractions were analyzed by flow cytometry. (J, K) Mice were treated with BFA for cytokine analysis 4-6 hours prior to tumor harvest. (L) B16-ova cells expressing IRFP720 fluorescent protein were analyzed by flow cytometry directly from culture prior to implantation and on D7. Data points represent a single tumor and mean per group with error bars representing SEM. Data are from: (A, B) 2 experiments; (C, E) 1-3 experiments; (D) 3 experiments; (F) 1 experiment; (G) 3-5 experiments; (H) 2-6 experiments; (I) 2-3 experiments; (J) 1 experiment; (K) 2 experiments; (L) 3 experiments. Statistics: (A–G, I) Unpaired Student’s T test with Welch’s correction; (H, J, K) One-way Anova with Tukey’s posttest. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.





Functional NK cells in early-stage tumors promote HRL expression on CD31+ endothelial cells but diminish intratumoral T cell number

In contrast to T cells, we found that NK cells, and CD11c+MHC-II+, CD11cnegCD11b+MHCII+, and CD11cnegCD11b+MHCIIneg myeloid cells (gating shown in Supplementary Figure 1B), were present at similar levels per g of tumor at all stages of tumor growth (Figures 1H, I). Innate immune cells can express inflammatory cytokines that upregulate HRL expression, and our previous work implicated IFNγ in controlling expression of both VCAM-1 and CXCL9 (9). To determine if the intratumoral innate cells produced IFNγ, mice were treated with Brefelden A (BFA) prior to tumor harvest. While no myeloid subpopulations in D7 tumors expressed IFNγ directly ex vivo (Figure 1J), NK cells in D7 tumors did do so, although this was lost by D14 (Figure 1K, gating shown in Supplementary Figure 1C). We found that B16-ova cells did not express any NK cell ligands (Figure 1L). However, small fractions of B16-ova cells in D7 tumors expressed the NK activating NKG2D ligands Rae1 and H60 and some also upregulated MHCI, an inhibitory ligand for NK cells (Figure 1L). Together these data suggest that the production of IFNγ by NK cells in early-stage tumors is driven by B16-ova tumor cells. Overall, this suggests that IFNγ produced by NK cells increases HRL expression on CD31+ tumor vasculature and promotes T cell infiltration in early-stage tumors.

To test this hypothesis, we depleted NK cells by injection of anti-NK1.1 prior to tumor implantation and maintained depletion with additional injections for the duration of the experiment (Supplementary Figures 2A–E). The fractions of CD31+ cells that expressed ICAM-1 and VCAM-1 were unchanged by NK cell depletion (Figure 2A), but the expression levels on positive cells were modestly but significantly lower (Figure 2B). Thus, NK cells augment HRL expression on CD31+ early-stage tumor vasculature but are not the only cells responsible. However, despite this reduced HRL expression, the numbers of CD8+ T cells per g of tumor in NK-depleted D7 tumors were significantly increased, and those of CD4+ T cells were trending toward an increase (Figure 2C), while APC and myeloid populations were unchanged (Figure 2D). This was not due to changes in tumor weight as NK cell depletion did not significantly alter tumor weights (Figure 2E). Approximately 80% of CD8+ T cells in D7 tumors were antigen experienced (CD44+) and consisted of CD62Lneg effector cells and CD62L+ cells that had either not yet downregulated CD62L after activation or were central memory (Figure 2F, gating shown in Supplementary Figure 2F). CD44neg CD62L+ naïve cells and CD44neg CD62Lneg early activated cells were present at lower levels. The distribution of these intratumoral CD8+ T cell subpopulations was unchanged by NK depletion (Figure 2F). This demonstrates that NK cells, despite increasing HRL expression on D7 tumor vasculature, mediate an unexpected reduction in intratumoral CD8+ T cells.




Figure 2 | Early-stage tumors from mice lacking NK cells have reduced endothelial HRL expression but increased numbers of CD8+ T cells. B16-ova tumors were implanted into WT B6 mice treated with isotype control or anti-NK1.1 depleting antibodies on D-2, D1, and D4, and harvested on D7. Single cell suspensions were enriched for CD45+ cells using MACS Beads and the CD45neg (A, B) or CD45+ (C–F) fractions were analyzed by flow cytometry. Data points represent a single tumor and mean per group with error bars representing SEM. Data are from: (A, B) 4 experiments; (C) 7 experiments; (D) 6 experiments; (E) 9 experiments; (F) 4 experiments. Statistics: Unpaired Student’s T test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.





Antigen-experienced T cells in tumors from NK depleted mice show deficient effector function but are not exhausted

To test the functionality of the antigen-experienced CD8+ T cells in NK-depleted D7 tumors, we examined cytokine production after in vivo BFA blockade. In tumors containing NK cells, ~10% of CD8+ T cells produced IFNγ, while only ~5% in tumors from NK-depleted mice did so (Figure 3A gating shown in Supplementary Figure 3A). However, the numbers of IFNγ producing cells per g were the same in both tumors, and there were more than twice as many cells per g not producing IFNγ in NK-depleted tumors (Figure 3B). The majority of IFNγ+ cells were CD44+CD62Lneg and were similar per g tumor in isotype and NK depleted mice (Figure 3C). A small portion of IFNγ+ cells were CD44+CD62L+ and these were increased in NK depleted tumors (Figure 3C). The increase in IFNγneg CD8+ T cells per g in NK-depleted tumors was statistically significant in all subpopulations, but the majority of the increase was in CD44+ antigen-experienced CD8+ T cells (Figure 3D). To determine if this effector deficiency was due to the TME or intrinsic to the T cells, we isolated CD8+ T cells from D7 tumors and re-stimulated them ex vivo with anti-CD3 and anti-CD28. All T cells became CD44+ following this restimulation. However, a smaller percentage of restimulated CD8+ T cells from tumors of NK-depleted mice produced IFNγ compared to restimulated CD8+ T cells from tumors of normal mice, and this was evident only in the CD62Lneg population (Figure 3E). The percentage of cells showing degranulation marked by CD107a was also decreased in restimulated CD62Lneg T cells from tumors of NK-depleted mice (Figure 3E, gating shown in Supplementary Figure 3B), demonstrating that the effector function deficiency is generalized. Thus, depletion of NK cells selectively increases the accumulation in early-stage tumors of antigen-experienced CD8+ T cells that intrinsically lack at least one effector function.




Figure 3 | Early-stage tumors from mice lacking NK cells have increased numbers of dysfunctional but non-exhausted CD8+ T cells. B16-ova tumors were implanted into WT B6 mice treated with isotype control or anti-NK1.1 depleting antibody on D-2, D1, and D4, and harvested on D7. (A–D, F–I) Single cell suspensions were enriched for CD45+ cells using MACS Beads and analyzed by flow cytometry. (A–D, H) Mice were treated with BFA for cytokine analysis 4-6 hours prior to tumor harvest. (E) CD8+ cells were isolated using MACS beads and restimulated with anti-CD3/28 beads and labeled with anti-CD107a fluorescently labeled antibodies overnight, with unstimulated T cells pooled from all tumors as a control. BFA was added for the final 4-6 h to block cytokine secretion. (G–H) Isotype-treated or NK depleted mice were treated with anti-PD-1 or isotype control starting on D3 after tumor implantation. (A–D, F–I) Data points represent a single tumor and mean per group with error bars representing SEM. Data are from: (A–B) 6 experiments; (C–D) 4 experiments; (E) 2 experiments, with unstimulated controls pooled from all tumors in each individual experiment. (F) 5 experiments; (G–H) 3 experiments. Statistics: (A–D, F) Unpaired Student’s T test with Welch’s correction; (E, G–I) One-way Anova with Tukey’s posttest. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.



One common mechanism leading to intrinsic T cell dysfunction in tumors is exhaustion, characterized by increased expression of inhibitory molecules, including PD-1. However, the percentages and numbers per g of PD-1+ CD8+ T cells in early-stage tumors of mice containing or lacking NK cells were not significantly different (Figure 3F). To determine whether PD-1 was blocking T cells that might have otherwise expressed IFNγ, we treated mice containing or lacking NK cells with anti-PD-1 starting on D3 after tumor implantation and harvested on D7. There was no significant increase in total CD8+ T cells or IFNγ+ CD8+ T cells per g of tumor as a consequence of anti-PD-1 treatment in mice containing or lacking NK cells (Figures 3G, H). These results suggest that the increase in non-functional CD8+ T cells in tumors from NK depleted mice is not due to PD-1 mediated exhaustion.

Recent studies have identified an exhausted stem-cell-like T cell progenitor population with a SLAMF6HiTCF7+ phenotype (43). Cells with this phenotype comprised ~13% of the total CD8+ TIL (Figure 3I, gating shown in Supplementary Figure 3C). However, there was no difference in the percentage or numbers of SLAMF6HiTCF7+ CD8+ T cells in D7 tumors from mice containing or lacking NK cells (Figure 3I). This population was also not increased following anti-PD-1 treatment. These results suggest that NK depletion does not influence the development of SLAMF6HiTCF7+ T cell progenitors, and that the population that is increased in D7 tumors of NK-depleted mice is therefore non-progenitor.



CD8+ T cells in early-stage tumors from NK-depleted mice are more likely to become anergic

Anergic CD4+ and CD8+ T cells show reduced responses to TCR engagement and lack resulting effector functions (44–46). While T cell effector cytokine production and proliferation are often linked, anergic T cells continue to proliferate (47–49). To evaluate whether the non-functional CD8+ T cells in NK depleted tumors were anergic, we first examined their ability to proliferate within the tumor. Using Ki67, there were no changes in the proliferating fractions of CD8+ T cells overall, or of CD8+ T cell subpopulations, in early-stage tumors from mice containing or lacking NK cells (Figure 4A, gating shown in Supplementary Figure 4A). To determine whether sensitivity to TCR signals was reduced in CD8+ T cells in tumors from NK-depleted mice, we transferred congenically marked ovalbumin specific OT-I CD8+ T cells that expressed Nur77-GFP prior to tumor implantation. Nur77 expression is directly tied to TCR signaling (37). The percentage of OT-I T cells that expressed Nur77-GFP was decreased in tumors from NK-depleted mice, and this was most evident in the CD44+CD62Lneg effector population (Figure 4B, gating shown in Supplementary Figure 4B). The normalized Nur77-GFP MFI of Nur77+ OT-I cells in tumors from NK-depleted mice was also reduced (Figure 4C). These results indicate that intratumoral CD8+ T cells activated in mice lacking NK cells had reduced sensitivity to TCR signals, but similar levels of proliferation, consistent with an anergic phenotype.




Figure 4 | Dysfunctional CD8+ T cells in tumors from mice lacking NK cells display an anergic phenotype. B16-ova tumors were implanted into WT B6 (A–H) or Perforinko (F) mice, with or without NK cell depletion. Anti-NK1.1 depleting antibody was administered prior to tumor implantation and maintained with additional treatments every three days (A–J) or on D7 after tumor implantation (G, I). Single cell suspensions were enriched for CD45+ cells using MACS Beads and analyzed by flow cytometry (A–H). Mice were treated with BFA for cytokine analysis 4-6 hours prior to tumor harvest (H). Tumors were harvested on D7 (A–F), D14 (G–I). (B, C) Nur77-GFP+ Thy1.1+ OT-I T cells were adoptively transferred into recipient mice prior to tumor implantation to monitor antigen specific TCR signaling. Nur77 MFI was normalized to the Isotype control average for each individual experiment. (J) Tumors were implanted in RAG mice and harvested on D10 by which time tumor size endpoints were reached in some mice. Data is from: (A) 4 experiments; (B, C) 2 experiments; (D, E) 2 experiments; (F) 2 experiments; (G) 6 experiments; (H) 2 experiments; (I) 8 experiments; (J) 3 experiments. Statistics: (A–E, H, J) Unpaired Student’s T test with Welch’s correction; (F, G, I) One-way Anova with Tukey’s posttest. *p < 0.05; **p < 0.01; ns, not significant.



Since CD8+ T cells in tumors from mice containing or lacking NK cells proliferated similarly, this cannot explain their increased numbers in tumors from NK-depleted mice. Anergic T cells have also been shown to have increased resistance to apoptosis (46). Using a viability marker (Live/Dead Aqua), we observed a significant decrease in the percentage of dead CD8+ T cells overall, and of antigen experienced CD44+CD62L+ and CD44+CD62Lneg subpopulations, in NK-depleted tumors (Figure 4D). We also observed a significant decrease in the percentage of Annexin VHi (late apoptosis) CD44+CD62Lneg CD8+ T cells (Figure 4E, gating shown in Supplementary Figure 4C). We considered that reduced apoptosis of intratumoral T cells in tumors lacking NK cells might be reflective of direct NK cell killing, which requires perforin (35). To test this hypothesis, WT and Perforinko mice, with and without NK depletion, were implanted with B16-ova, and tumors analyzed on D7. CD8+ T cell numbers in tumors from WT and Perforinko mice containing NK cells were comparable, as were the numbers in tumors from NK-depleted mice of both genotypes (Figure 4F). Thus, the increase in CD8+ T cells in tumors from NK-depleted mice is not due to a lack of direct NK cell killing. These results suggest that the increased level of CD8+ T cells in D7 tumors from NK-depleted mice is due to a reduction in apoptotic death in the antigen experienced population, consistent with an anergic phenotype.



NK depletion results in reduced CD8+ T cell numbers and functionality in late-stage tumors

To determine if T cell dysfunction continued in late-stage tumors, we harvested D14 tumors from mice that were NK cell depleted either prior to tumor implantation (D-2) in the same manner as our early-stage tumors, or after initial T cell priming (D7). NK depletion on D7 did not result in any changes in the number of CD8+ T cell in D14 tumors (Figure 4G). However, in D14 tumors from mice depleted of NK cells prior to tumor implantation we observed a significant reduction in CD8+ T cell numbers overall compared to mice with intact NK cells (Figure 4G). This contrasts with the elevated numbers of CD8+ T cells observed in D7 tumors from NK depleted mice. We did not find a significant reduction in the numbers per g of tumor of either IFNγneg or IFNγ+ cells in NK depleted mice, although there was a trend toward a reduction for IFNγ+ cells although this data showed significant variation (Supplementary Figures 4D, E). However, there was a significant reduction in the percentage of IFNγ+ CD8+ T cells in late-stage tumors lacking NK cells (Figure 4H) consistent with what was observed in D7 tumors. It is notable that these changes were accompanied by an overall significant increase in CD8+ T cell numbers per g of tumor from D7 to D14 in both NK depleted (Supplementary Figure 4F) and non-depleted (Figure 1G) mice. While depletion of NK cells prior to tumor implantation had no effect on the size of D7 tumors (Figure 2E), it did result in a significant increase in the size of D14 tumors (Figure 4I). However, there was no change in D14 tumor size when NK cells were depleted starting on D7 (Figure 4I). We utilized RAG mice lacking T cells to determine if this effect was directly mediated by NK cells. There was no increase in late-stage tumor size in RAG mice depleted of NK cells prior to tumor implantation (Figure 4J), suggesting that the impact of NK cell depletion on tumor control in WT B6 mice is mediated by its effect on adaptive immunity. This indicates that NK cell depletion reduces the functionality of intra-tumoral CD8+ T cells in both early and late stage tumors, and that this results in reduced long-term tumor control.



Altered T cell activation in the TDLN of NK-depleted mice

T cell anergy normally develops during initial activation from an imbalance among signals via the TCR, costimulatory molecules, and cytokines (46). To determine whether NK depletion altered activation of CD8+ T cells in the TDLN, we treated mice starting on day 3 (D3) post implantation with FTY720 to prevent T cell egress. The overall number of CD8+ T cells in the TDLN or non-draining LN (NDLN) was unchanged by NK depletion (Supplementary Figures 5A, B). However, the percentage (Figures 5A, B) and number (Supplementary Figures 5C, D) of CD8+CD44+CD62Lneg effector T cells were reduced specifically in the TDLN and not the NDLN. The percentage of Ki67+ proliferating CD8+ T cells was reduced in the TDLN in all populations except the naïve CD44negCD62L+ cells (Figure 5C). The percentage of endogenous ovalbumin-specific CD8+ T cells, representing tumor antigen specific T cells, among all CD8+ T cells, was also reduced in TDLN but not NDLN of NK-depleted mice (Figure 5D, Supplementary Figure 5E). This was associated with decreased proliferation of ovalbumin specific CD8+ T cells overall (Figure 5E), a reduced number of the CD44+CD62L+ subpopulation (Figure 5F), and an increased percentage of naïve (CD44negCD62L+) ovalbumin specific CD8+ T cells (Supplementary Figure 5F). We did not observe a change in the subpopulation distribution of ovalbumin specific T cells in the NDLN, where naïve cells were the primary population (Supplementary Figure 5G). These results demonstrate that NK depletion leads to a reduction in T cell activation, proliferation, and tumor specific effector generation in the TDLN.




Figure 5 | T cell activation is altered in the TDLN of mice lacking NK cells. B16-ova tumors were implanted into WT B6 mice treated with isotype control or anti-NK1.1 depleting antibody on D-2, D1, and D4. TDLN (A–H) or NDLN (B, D) were harvested on D7. (A–F) Mice were treated with FTY720 starting on D3 to prevent T cell egress from LN. (G–I) Nur77-GFP+ Thy1.1+ OT-I T cells were adoptively transferred into recipient mice prior to tumor implantation to monitor antigen specific TCR signaling. Nur77 MFI was normalized to the isotype control average for each individual experiment. Single cell suspensions were analyzed by flow cytometry. Data is from: (A, C) 3 experiments; (B) 2 experiments; (D–F) 2 experiments; (G–I) 2 experiments. Statistics: Unpaired Student’s T test with Welch’s correction. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.



The development of anergic T cells has been shown to be promoted by elevated TCR stimulation and/or a lack of co-stimulation (46, 50–53). We therefore tested the hypothesis that the reduced number of proliferating and differentiated effector T cells in the TDLN of NK-depleted mice reflected increased sensitivity to TCR stimulation. We tested this by examining the activation of OT-I T cells expressing the Nur77-GFP reporter that were transferred prior to tumor implantation. OT-I T cells did not show a significant difference in subpopulation distribution in TDLN of isotype and NK-depleted mice (Figure 5G). Importantly however, the fraction of Nur77+ OT-I T cells (Figure 5H) and their Nur77 MFI (Figure 5I), were significantly higher, indicating that they had received enhanced TCR signals. Nur77 signaling was specific to the TDLN, as the Nur77 positive signal was nearly absent in the spleens of both isotype and NK depleted mice (Supplementary Figure 5H). Taken together, these results demonstrate that NK depletion leads to enhanced TCR stimulation of CD8+ T cells in TDLN, decreased proliferation, and differentiation of those cells. This is consistent with what others have shown to promote the development of anergic T cells.



APC from tumors and TDLN of NK-depleted mice appear less mature

Based on the changes in CD8+ T cell phenotype that accompanied NK depletion, we examined the phenotypes of APC in both tumor and TDLN. The numbers of intratumoral APC (Figure 2D) and their subsets (Figure 6A) were not altered by NK depletion. While the numbers of CD11b+CD11cnegMHCII+ APC in TDLN of NK-depleted mice were not reduced, the numbers of CD11c+MHCII+ APC were, and this was evident in both CD11b+ and CD103+ subsets (Figure 6B). This was specific for the TDLN, as NDLN APC numbers were unchanged (Supplementary Figure 6A). The lower numbers of these APC subsets in TDLN could be due to reduced entry of migratory APC, or reduced survival or proliferation of resident APC. Cells with an CD11cHiMHCIIInt phenotype, characteristic of the majority of LN resident APC (54), were selectively reduced in the TDLN of NK-depleted mice, while cells with a CD11cLoMHCIIHi phenotype, characteristic of migratory DC, were not altered (Figure 6C, Supplementary Figure 6B). This is consistent with the unchanged number of intratumoral APC and suggests that APC migration from the tumor remains unchanged in NK depleted mice. This suggests that one consequence of NK depletion is a reduction in the numbers of CD11b+ and CD103+ subsets of resident DC in TDLN.




Figure 6 | Antigen presenting cells in tumors and TDLN of mice lacking NK cells have an altered maturation phenotype. (A–D, F–J) B16-ova or (E) B16-ova-iRFP720 tumors were implanted into WT B6 mice treated with isotype control or anti-NK1.1 depleting antibody on D-2, D1, and D4. Tumor (A, D–F), TDLN (B, C, G–J), or NDLN (C) were harvested on D7. Single cell suspensions were analyzed by flow cytometry. (C, G–I) Resident APC were defined as CD11cHiMHCIIInt and Migratory APC as CD11cLowMHCIIHi. (I, J) For each APC subset, MHCII MFI was normalized to the isotype control average of that same subset (I) or of all CD11c+MHCII+ APC (J) separately for each experiment. (B, C, G–J) Data are from 4 experiments; (A, D, F) Data are from 6 experiments; (E) Data are from 2 experiments. Statistics: (A–I) Unpaired Student’s T test with Welch’s correction; (J) For CD80+ vs CD80neg comparisons, a paired T test was used. For comparisons between isotype and NK depleted, an Unpaired Student’s T test with Welch’s correction was used. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.



We also examined the maturation status of APC in tumor and TDLN. All subsets of intratumoral APC from NK depleted mice expressed lower levels of MHCII (Figure 6D), suggesting that they are less mature than those from non-depleted mice. As immature APCs in tissues are more phagocytic and have reduced proteolytic capacity (55, 56) we used tumors expressing the fluorescent protein iRFP720 to identify APC that retained unprocessed tumor derived antigen. All subsets of intratumoral APC from NK depleted mice showed significantly greater retention of tumor derived antigen (Figure 6E), again consistent with a less mature phenotype. The percentage of intratumoral APC expressing CD80 (Figure 6F) and their level of CD80 expression (Supplementary Figure 6C), which typically increase with APC maturation (55, 56) was unchanged by NK depletion. Overall, this suggests that intratumoral APC from NK depleted mice are less mature.

In APC from TDLN of either NK-depleted or non-depleted mice retention of tumor derived antigen could not be detected. However, compared to APC in NDLN, CD80 was expressed on approximately 25-100% more cells in most CD11c+ APC subsets in TDLN but was not different on CD11b+CD11cnegMHCII+ cells or resident APC (Figure 6G). Thus, APC in TDLN appear more mature compared to those in NDLN. Neither the percentage of APC expressing CD80 (Figure 6H), nor their CD80 expression level (Supplementary Figure 6D) was changed in any subsets in TDLN of mice lacking NK cells. However, MHCII expression levels were increased in all populations of CD11c+ APC (CD11b+, CD103+, resident, and migratory; gating shown in Supplementary Figure 6E) and in CD11cnegCD11b+MHCII+ cells (Figure 6I). In TDLN of intact mice, CD11c+MHCII+ APC that expressed CD80 (gating shown in Supplementary Figure 6F) also expressed higher levels of MHCII (Figure 6J). However, in TDLN from NK depleted mice, both CD80+ and CD80neg APC showed an increase in MHCII MFI, and they were no longer different from one another (Figure 6J). Thus, APC in early stage TDLN of NK depleted mice display increased MHCII expression regardless of CD80 expression. Increased MHCII expression in mature APC usually corresponds with an increased level of costimulatory molecule expression (57). Increased MHCII expression without increased CD80 suggests an incomplete APC maturation, which may have resulted in the aberrant activation and anergic T cell phenotypes we observed in tumor bearing mice lacking NK cells.



Blockade of CD40L results in similar phenotypes of T cell activation and APC in the TDLN as NK depletion

NK cells in tumor bearing mice express elevated levels of CD40L (58), and interactions with CD40 cause increased APC maturation (59). CD40L blockade also results in reduced T cell numbers and function in tumor bearing mice (60). We found that some NK cells, as well as some CD4+ T cells, in early-stage tumors and TDLN expressed CD40L (Supplementary Figure 7). We utilized CD40L blockade to determine if this resulted in an increase in dysfunctional T cells in early-stage tumors similar to NK depletion and resulted in similar effects on APC and T cell phenotypes in the TDLN. In contrast to NK depletion, CD40L blockade beginning on D3 led to almost complete absence of T cells in early-stage tumors (Figure 7A), making it impossible to evaluate changes in T cell function or phenotype. However, in the TDLN, CD40L blockade resulted in a reduction in the numbers of CD8+ T cells overall, naïve (CD44negCD62L+), and effector (CD44+CD62Lneg) T cells, but no change in CD44+CD62L+ CD8+ T cells (Figure 7B), and similar results were seen with either NK depletion alone or combination NK depletion and CD40L blockade. While the observed reduction in overall and naïve CD8+ T cell numbers was not seen in the TDLN of NK depleted mice in Figure 5A, this is likely because the mice in Figure 7 were not treated with FTY720. We augmented these studies by comparing the effects of CD40L blockade and NK depletion on tumor antigen specific cells. As above, the total number of ova-dextramer+ CD8+ T cells in the TDLN was reduced comparably by NK cell depletion, CD40L blockade, and the combination (Figure 7C). This was primarily due to a reduction in the number of antigen-experienced (CD44+) ova-dextramer+ CD8+ T cells (Figure 7C). As we observed with bulk T cells there was no significant difference in the reduced number of effector cells in the TDLN of CD40L blocked, NK depleted, or dual treated mice. These results suggest that NK cell depletion and CD40L blockade target a common pathway that results in diminished T cell differentiation and that the effect of NK cells on T cell differentiation in the TDLN during early-stage tumor growth is via CD40L. However, CD40L blockade has effects beyond those of NK cell depletion as there is complete blockage of T cell infiltration into the early-stage tumors. This suggests that NK cells provide an important source of CD40L during the initial stages of CD8+ T cell activation but are not the only source of CD40L in the microenvironment.




Figure 7 | Blockade of CD40L and NK Depletion result in similar T cell and APC phenotypes in the TDLN. B16-ova tumors were implanted into WT B6 mice treated with isotype control or anti-NK1.1 depleting antibodies on D-2, D1, and D4, or isotype control or anti-CD40L blocking antibody starting on the day of tumor implantation and then on D2, D4, and D6, or a combination of NK cell depletion and anti-CD40L blockade. Tumor (A) or TDLN (B–K) were harvested at D7. Single cell suspensions of tumor samples were enriched for CD45+ cells by MACS Beads and analyzed by flow cytometry. Single cell LN samples were analyzed by flow cytometry. (H–K) For each APC subset, the indicated MFI was normalized to the isotype control average of that same subset separately for each experiment. (J, K) The MHCII MFI was normalized to the isotype control average of all CD11c+MHCII+ APC separately for each experiment. Data are from: (A–K) 2 experiments. Statistics: One-way Anova with Tukey’s posttest. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.



We next determined if CD40L blockade also resulted in incomplete APC maturation in the TDLN similar to that induced by NK depletion. In keeping with Figures 6A, B, CD40L blockade resulted in reduced numbers of CD11b+, CD103+, and resident APC, but unchanged migratory APC, in the early-stage TDLN, and was not significantly different from NK cell depletion alone or combination treatment (Figures 7D, E). In keeping with Figure 6D and Supplementary Figure 6C, neither the percentage (Figure 7F) or expression level (Figure 7G) of CD80 were changed on CD11c+MHCII+ APC as a consequence of any treatment. Finally, in keeping with Figures 6E, F, and Supplementary Figures 6D, E, MHCII expression on all APC subsets Figures 7H, I, regardless of CD80 expression was increased similarly by CD40L blockade, NK cell depletion, or the combination (Figures 7J, K). This suggests that CD40L blockade during early-stage tumor growth promotes incomplete maturation of APC in TDLN, similar to NK depletion.




Discussion

In this study we determined that NK cells play multiple roles in enhancing the T cell response during the early stages of tumor development. We showed that NK cells in early-stage tumors are a source of IFNγ and that NK depletion reduced HRL expression on tumor vasculature. However, NK cell depletion resulted in increased intratumoral T cell numbers. Based on their reduced TCR signaling and reduced expression of effector function, but unchanged proliferation and increased resistance to apoptosis, these T cells were functionally anergic. Their development in the TDLN was associated with increased TCR signaling but paradoxically, decreased proliferation and maturation to full effector cells. Additionally, it was associated with an unusual maturation phenotype of APC in the TDLN, characterized by increased MHCII expression but unaltered CD80 expression. The effect of NK depletion on APC phenotype was similar to that of blocking CD40L. This suggests that functional NK cells drive proper APC maturation via CD40L during the early tumor response thereby reducing the development of anergic T cells.

Anergic T cells develop in response to increased TCR signaling and/or reduced costimulatory activation (46, 50–53). Characteristics of anergic T cells include proliferation during activation (47–49), reduced production of IL-2 and other cytokines (44–46), resistance to apoptosis (46, 61, 62), and paradoxically, given what drives their development, reduced response to TCR signals (50). While anergy is best characterized for CD4+ T cells, CD8+ T cells also become anergic (63–65). Anergic CD4+ T cells have been identified by high expression of FR4 and CD73 (66), but there are no known surface markers identifying anergic CD8+ T cells. While anergic CD8+ T cells have been shown to exist in tumors (65, 67), the lack of clear surface markers complicates separating them from exhausted CD8+ T cells (68, 69). With the current focus on exhausted T cells, the presence of anergic intratumoral CD8+ T cells may have been underappreciated. In contrast to exhausted cells, anergic T cells are thought to be immunosuppressive, although the mechanism(s) are not fully understood (51, 70). Preventing anergic cells from developing could increase the number of functional tumor antigen specific cells in the tumor and improve responses to checkpoint blockade therapy.

APC maturation is necessary for T cell activation resulting in generation of effector T cells capable of responding to antigenic stimulation in the periphery. However, a range of distinct maturation phenotypes have been described (71, 72). Fully mature APC most commonly develop in the context of infection or immunization, which include strong stimuli for toll like receptors (73, 74) and CD40 (75). NK cells have also been shown to promote full APC maturation and to improve T cell responses to infections or vaccination (31, 76). NK cell induced maturation of APC in vitro partially involves direct contact (29–31) and multiple signaling pathways, including CD40-CD40L interaction (30, 31). NK cells in tumors have been shown to increase the number of APCs (3, 32) and have increased localization near each other (3, 33). However, a direct connection between NK cell induced APC maturation and NK enhanced T cell responses has been questioned because NK cells can also kill activated T cells (34, 35). Here we showed that NK cells incapable of killing T cells did not increase the number of anergic T cells. Instead, when NK cells were depleted, APC in tumor remained immature, while APC in TDLN developed an incomplete maturation phenotype in which elevated MHCII was not accompanied by increased CD80 expression. This was associated with elevated response to TCR signals in the TDLN, but reduced T cell proliferation. This suggests that the increased numbers of anergic T cells in early-stage tumors of mice lacking NK cells is due to the aberrant activation of T cells in the TDLN by incompletely matured APC. Our results provide new evidence that NK cell induced maturation of APC at early stages of tumor responses shapes the outcome of the T cell response by limiting the induction of T cell anergy.

Interactions with CD40 cause increased APC maturation (59, 77), and previous work has shown that NK cells can express CD40L, including during the response to tumors (58). Our data demonstrates that during early-stage tumor responses, NK cell depletion and CD40L blockade result in a similar incomplete APC maturation phenotype. These two treatments also led to similar reductions in the number of effector T cells in the TDLN. Importantly, the combination of NK depletion and CD40L blockade was not additive. This suggests that during the early stages of tumor growth, NK cells are the primary source of CD40L or induce its expression on another cell type such as CD4+ T cells, and this is the principal mechanism by which they drive APC maturation. NK cell expressed CD40L could be operating via direct signaling to CD40 but CD40-CD40L interaction may also be necessary for another aspect of NK cell function, such as localized secretion of cytokines to alter APC maturation. It is also important to note that CD40L blockade had a much more profound impact on T cell infiltration into tumor, pointing to a role for another CD40L+ cell in this aspect of the anti-tumor immune response. While the mechanism is uncertain, our data identified CD40L expression on CD4 but not CD8 TIL, and it seems likely that these cells may fulfill this role.

Our results show that systemic depletion of NK cells leads to incomplete maturation of both resident and migratory APC populations in the TDLN but had no effect on APC in NDLN. This selectivity indicates signals provided by the tumor in addition to those provided by NK cells are necessary for APC maturation. It is possible that NK cells in the TDLN drive additional maturation following an initial signal provided by the tumor. This is consistent with the observation that CD40L blockade produced a similar result as NK cell depletion, which suggests that NK cell direct contact with APC in the TDLN promotes complete maturation. An additional possibility is that intratumoral NK cells provide tumor-dependent activation signals, such as DAMPs, that induce complete maturation of APC in the TDLN. Further research into how and where the NK cells drive optimal APC maturation during the early immune response against the tumor will be critical to allow for development of therapeutic intervention strategies in the future.

These results demonstrate that functional NK cells improve the overall quality of tumor-specific T cell responses. However, as NK cell function decreases over time, this effect may be lost, leading to increased development of anergic TIL in association with tumor progression. NK cell dysfunction can thus have effects that resemble those of NK cell depletion in early-stage tumors that we have described here. Our data also demonstrate that the functional effectors that develop in the absence of NK cells are less likely to persist in tumors. Thus, once NK cells have become dysfunctional, new tumor antigens arising as a consequence of ongoing mutation may generate a suboptimal T cell response, resulting in decreased T cell control of the tumor. This study has demonstrated that the long-term impacts of NK cell dysfunction on the T cell response to tumors is an important area for future investigation.

Our work demonstrates that there is a need to evaluate the downstream consequences of NK cell function on both APC maturation and early-stage tumor specific T cell activation in human cancer patients. Based on our work, NK cell adoptive transfer may be able to increase the efficacy of checkpoint blockade therapy by diminishing the generation of anergic T cells that are unresponsive to checkpoint blockade therapy. NK cell adoptive transfer therapy clinical trials (78–80) have shown promise, but significant challenges remain in ex vivo generation of NK cells that retain long-term effector function (81, 82). While combination with other immune therapies is being examined, no trials in combination with checkpoint blockade therapy have been completed. Future examination of the effect of NK cell adoptive transfer therapy on T cell activation in the LN and in tumors will be key to determine if there is synergy with checkpoint blockade therapy.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The animal study was reviewed and approved by University of Virginia Animal Care and Use Committee.



Author contributions

RL conceptualization, methodology, investigation, analysis, writing – original draft, writing – review & editing; MM: methodology, investigation, writing – review & editing; KS: methodology, investigation; JA: methodology, investigation, analysis; AW: methodology, investigation, analysis; AR: conceptualization, methodology; MB: conceptualization, methodology VE: conceptualization, methodology, writing – review & editing, funding acquisition, supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by USPHS Grants R01 CA78400 and R01 CA181794 (to VE) and R01 AI050072 (to MB). The University of Virginia Histology and Flow Cytometry Cores are supported by USPHS P30 CA44579. RL, JA, AW, and AR were supported by USPHS Training Grant T32 AI007496. AR was the recipient of a Wagner Fellowship from the University of Virginia.



Acknowledgments

We thank Timothy Bender, and the Engelhard and Brown labs for discussion and suggestions.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.1058894/full#supplementary-material



References

1. Zhang, L, Conejo-Garcia, JR, Katsaros, D, Gimotty, PA, Massobrio, M, Regnani, G, et al. Intratumoral T cells, recurrence, and survival in epithelial ovarian cancer. N Engl J Med (2003) 348(3):203–13. doi: 10.1056/NEJMoa020177

2. Tumeh, PC, Harview, CL, Yearley, JH, Shintaku, IP, Taylor, EJM, Robert, L, et al. PD-1 blockade induces responses by inhibiting adaptive immune resistance. Nature. (2014) 515(7528):568–71. doi: 10.1038/nature13954

3. Barry, KC, Hsu, J, Broz, ML, Cueto, FJ, Binnewies, M, Combes, AJ, et al. A natural killer-dendritic cell axis defines checkpoint therapy-responsive tumor microenvironments. Nat Med (2018) 24(8):1178–91. doi: 10.1038/s41591-018-0085-8

4. Ley, K, Laudanna, C, Cybulsky, MI, and Nourshargh, S. Getting to the site of inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol (2007) 7(9):678–89. doi: 10.1038/nri2156

5. Quezada, SA, Peggs, KS, Simpson, TR, Shen, Y, Littman, DR, and Allison, JP. Limited tumor infiltration by activated T effector cells restricts the therapeutic activity of regulatory T cell depletion against established melanoma. J Exp Med (2008) 205(9):2125–38. doi: 10.1084/jem.20080099

6. Fisher, DT, Chen, Q, Skitzki, JJ, Muhitch, JB, Zhou, L, Appenheimer, MM, et al. IL-6 trans-signaling licenses mouse and human tumor microvascular gateways for trafficking of cytotoxic T cells. J Clin Invest. (2011) 121(10):3846–59. doi: 10.1172/JCI44952

7. Lohr, J, Ratliff, T, Huppertz, A, Ge, Y, Dictus, C, Ahmadi, R, et al. Effector T-cell infiltration positively impacts survival of glioblastoma patients and is impaired by tumor-derived TGF-β. Clin Cancer Res (2011) 17(13):4296–308. doi: 10.1158/1078-0432.CCR-10-2557

8. Peske, JD, Woods, AB, and Engelhard, VH. Control of CD8 T-cell infiltration into tumors by vasculature and microenvironment. Adv Cancer Res (2015) 128:263–307. doi: 10.1016/bs.acr.2015.05.001

9. Woods, AN, Wilson, AL, Srivinisan, N, Zeng, J, Dutta, AB, Peske, JD, et al. Differential expression of homing receptor ligands on tumor-associated vasculature that control CD8 effector T-cell entry. Cancer Immunol Res (2017) 5(12):1062–73. doi: 10.1158/2326-6066.CIR-17-0190

10. Sackstein, R, Schatton, T, and Barthel, SR. T-Lymphocyte homing: an underappreciated yet critical hurdle for successful cancer immunotherapy. Lab Investig J Tech Methods Pathol (2017) 97(6):669–97. doi: 10.1038/labinvest.2017.25

11. Martin-Fontecha, A, Lanzavecchia, A, and Sallusto, F. Dendritic cell migration to peripheral lymph nodes. Handb Exp Pharmacol (2009) 188):31–49. doi: 10.1007/978-3-540-71029-5_2

12. Gardner, A, and Ruffell, B. Dendritic cells and cancer immunity. Trends Immunol (2016) 37(12):855–65. doi: 10.1016/j.it.2016.09.006

13. Yang, L, and Carbone, DP. Tumor-host immune interactions and dendritic cell dysfunction. Adv Cancer Res (2004) 92:13–27. doi: 10.1016/S0065-230X(04)92002-7

14. Roberts, EW, Broz, ML, Binnewies, M, Headley, MB, Nelson, AE, Wolf, DM, et al. Critical role for CD103(+)/CD141(+) dendritic cells bearing CCR7 for tumor antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell (2016) 30(2):324–36. doi: 10.1016/j.ccell.2016.06.003

15. Wangmo, D, Premsrirut, PK, Yuan, C, Morris, WS, Zhao, X, and Subramanian, S. ACKR4 in tumor cells regulates dendritic cell migration to tumor-draining lymph nodes and T-cell priming. Cancers. (2021) 13(19):5021. doi: 10.3390/cancers13195021

16. Zong, J, Keskinov, AA, Shurin, GV, and Shurin, MR. Tumor-derived factors modulating dendritic cell function. Cancer Immunol Immunother. (2016) 65(7):821–33. doi: 10.1007/s00262-016-1820-y

17. Seaman, WE, Sleisenger, M, Eriksson, E, and Koo, GC. Depletion of natural killer cells in mice by monoclonal antibody to NK-1.1. reduction in host defense against malignancy without loss of cellular or humoral immunity. J Immunol (1987) 138(12):4539–44. doi: 10.4049/jimmunol.138.12.4539

18. Johnson, LA, Vaidya, SV, Goldfarb, RH, and Mathew, PA. 2B4(CD244)-mediated activation of NK cells reduces metastases of B16F10 melanoma in mice. Anticancer Res (2003) 23(5A):3651–5.

19. López-Soto, A, Gonzalez, S, Smyth, MJ, and Galluzzi, L. Control of metastasis by NK cells. Cancer Cell (2017) 32(2):135–54. doi: 10.1016/j.ccell.2017.06.009

20. Dianat-Moghadam, H, Mahari, A, Heidarifard, M, Parnianfard, N, Pourmousavi-Kh, L, Rahbarghazi, R, et al. NK cells-directed therapies target circulating tumor cells and metastasis. Cancer Lett (2021) 497:41–53. doi: 10.1016/j.canlet.2020.09.021

21. Pross, HF, and Lotzová, E. Role of natural killer cells in cancer. Nat Immun (1993) 12(4–5):279–92.

22. Turner, JG, Rakhmilevich, AL, Burdelya, L, Neal, Z, Imboden, M, Sondel, PM, et al. Anti-CD40 antibody induces antitumor and antimetastatic effects: the role of NK cells. J Immunol (2001) 166(1):89–94. doi: 10.4049/jimmunol.166.1.89

23. Whiteside, TL, and Herberman, RB. The role of natural killer cells in immune surveillance of cancer. Curr Opin Immunol (1995) 7(5):704–10. doi: 10.1016/0952-7915(95)80080-8

24. Cozar, B, Greppi, M, Carpentier, S, Narni-Mancinelli, E, Chiossone, L, and Vivier, E. Tumor-infiltrating natural killer cells. Cancer Discovery (2021) 11(1):34–44. doi: 10.1158/2159-8290.CD-20-0655

25. Wu, J, and Lanier, LL. Natural killer cells and cancer. Adv Cancer Res (2003) 90:127–56. doi: 10.1016/S0065-230X(03)90004-2

26. Schmidt, L, Eskiocak, B, Kohn, R, Dang, C, Joshi, NS, DuPage, M, et al. Enhanced adaptive immune responses in lung adenocarcinoma through natural killer cell stimulation. Proc Natl Acad Sci USA (2019) 116(35):17460–9. doi: 10.1073/pnas.1904253116

27. Kalinski, P, Mailliard, RB, Giermasz, A, Zeh, HJ, Basse, P, Bartlett, DL, et al. Natural killer-dendritic cell cross-talk in cancer immunotherapy. Expert Opin Biol Ther (2005) 5(10):1303–15. doi: 10.1517/14712598.5.10.1303

28. Peterson, EE, and Barry, KC. The natural killer-dendritic cell immune axis in anti-cancer immunity and immunotherapy. Front Immunol (2021) 11:621254. doi: 10.3389/fimmu.2020.621254

29. Gerosa, F, Gobbi, A, Zorzi, P, Burg, S, Briere, F, Carra, G, et al. The reciprocal interaction of NK cells with plasmacytoid or myeloid dendritic cells profoundly affects innate resistance functions. J Immunol (2005) 174(2):727–34. doi: 10.4049/jimmunol.174.2.727

30. Piccioli, D, Sbrana, S, Melandri, E, and Valiante, NM. Contact-dependent stimulation and inhibition of dendritic cells by natural killer cells. J Exp Med (2002) 195(3):335–41. doi: 10.1084/jem.20010934

31. Walzer, T, Dalod, M, Vivier, E, and Zitvogel, L. Natural killer cell-dendritic cell crosstalk in the initiation of immune responses. Expert Opin Biol Ther (2005) 5 Suppl 1:S49–59. doi: 10.1517/14712598.5.1.S49

32. Bottcher, JP, Bonavita, E, Chakravarty, P, Blees, H, Cabeza-Cabrerizo, M, Sammicheli, S, et al. NK cells stimulate recruitment of cDC1 into the tumor microenvironment promoting cancer immune control. Cell. (2018) 172(5):1022–1037.e14. doi: 10.1016/j.cell.2018.01.004

33. Melaiu, O, Chierici, M, Lucarini, V, Jurman, G, Conti, LA, De Vito, R, et al. Cellular and gene signatures of tumor-infiltrating dendritic cells and natural-killer cells predict prognosis of neuroblastoma. Nat Commun (2020) 11(1):5992. doi: 10.1038/s41467-020-19781-y

34. Rabinovich, BA, Li, J, Shannon, J, Hurren, R, Chalupny, J, Cosman, D, et al. Activated, but not resting, T cells can be recognized and killed by syngeneic NK cells. J Immunol (2003) 170(7):3572–6. doi: 10.4049/jimmunol.170.7.3572

35. Waggoner, SN, Cornberg, M, Selin, LK, and Welsh, RM. Natural killer cells act as rheostats modulating antiviral T cells. Nature. (2011) 481(7381):394–8. doi: 10.1038/nature10624

36. Ferlazzo, G, and Moretta, L. Dendritic cell editing by natural killer cells. Crit Rev Oncog (2014) 19(1–2):67–75. doi: 10.1615/CritRevOncog.2014010827

37. Moran, AE, Holzapfel, KL, Xing, Y, Cunningham, NR, Maltzman, JS, Punt, J, et al. T Cell receptor signal strength in treg and iNKT cell development demonstrated by a novel fluorescent reporter mouse. J Exp Med (2011) 208(6):1279–89. doi: 10.1084/jem.20110308

38. Hogquist, KA, Jameson, SC, Heath, WR, Howard, JL, Bevan, MJ, and Carbone, FR. T Cell receptor antagonist peptides induce positive selection. Cell. (1994) 76(1):17–27. doi: 10.1016/0092-8674(94)90169-4

39. Snell, GD, Cherry, M, McKenzie, IF, and Bailey, DW. Ly-4, a new locus determining a lymphocyte cell-surface alloantigen in mice. Proc Natl Acad Sci USA (1973) 70(4):1108–11. doi: 10.1073/pnas.70.4.1108

40. Kagi, D, Ledermann, B, Burki, K, Seiler, P, Odermatt, B, Olsen, KJ, et al. Cytotoxicity mediated by T cells and natural killer cells is greatly impaired in perforin-deficient mice. Nature. (1994) 369:31–7. doi: 10.1038/369031a0

41. Hargadon, KM, Brinkman, CC, Sheasley-O’Neill, SL, Nichols, LA, Bullock, TNJ, and Engelhard, VH. Incomplete differentiation of antigen-specific CD8 T cells in tumor-draining lymph nodes. J Immunol (2006) 177(9):6081–90. doi: 10.4049/jimmunol.177.9.6081

42. Shcherbakova, DM, and Verkhusha, VV. Near-infrared fluorescent proteins for multicolor in vivo imaging. Nat Methods (2013) 10:751–4. doi: 10.1038/nmeth.2521

43. Miller, BC, Sen, DR, Al Abosy, R, Bi, K, Virkud, YV, LaFleur, MW, et al. Subsets of exhausted CD8+ T cells differentially mediate tumor control and respond to checkpoint blockade. Nat Immunol (2019) 20(3):326–36. doi: 10.1038/s41590-019-0312-6

44. Otten, GR, and Germain, RN. Split anergy in a CD8+ T cell: receptor-dependent cytolysis in the absence of interleukin-2 production. Science (1991) 251(4998):1228–31. doi: 10.1126/science.1900952

45. Chai, JG, and Lechler, RI. Immobilized anti-CD3 mAb induces anergy in murine naive and memory CD4+ T cells in vitro. Int Immunol (1997) 9(7):935–44. doi: 10.1093/intimm/9.7.935

46. Schwartz, RH. T Cell anergy. Annu Rev Immunol (2003) 21:305–34. doi: 10.1146/annurev.immunol.21.120601.141110

47. Jenkins, MK. The role of cell division in the induction of clonal anergy. Immunol Today (1992) 13(2):69–73. doi: 10.1016/0167-5699(92)90137-V

48. Perez, VL, Van Parijs, L, Biuckians, A, Zheng, XX, Strom, TB, and Abbas, AK. Induction of peripheral T cell tolerance in vivo requires CTLA-4 engagement. Immunity. (1997) 6(4):411–7. doi: 10.1016/S1074-7613(00)80284-8

49. Colombetti, S, Benigni, F, Basso, V, and Mondino, A. Clonal anergy is maintained independently of T cell proliferation. J Immunol Baltim Md 1950 (2002) 169(11):6178–86. doi: 10.4049/jimmunol.169.11.6178

50. Lechler, R, Chai, JG, Marelli-Berg, F, and Lombardi, G. T-Cell anergy and peripheral T-cell tolerance. Philos Trans R Soc Lond B Biol Sci (2001) 356(1409):625–37. doi: 10.1098/rstb.2001.0844

51. Appleman, LJ, and Boussiotis, VA. T Cell anergy and costimulation. Immunol Rev (2003) 192:161–80. doi: 10.1034/j.1600-065X.2003.00009.x

52. Fathman, CG, and Lineberry, NB. Molecular mechanisms of CD4+ T-cell anergy. Nat Rev Immunol (2007) 7(8):599–609. doi: 10.1038/nri2131

53. ElTanbouly, MA, and Noelle, RJ. Rethinking peripheral T cell tolerance: checkpoints across a T cell’s journey. Nat Rev Immunol (2021) 21(4):257–67. doi: 10.1038/s41577-020-00454-2

54. Merad, M, Sathe, P, Helft, J, Miller, J, and Mortha, A. The dendritic cell lineage: ontogeny and function of dendritic cells and their subsets in the steady state and the inflamed setting. Annu Rev Immunol (2013) 31:563–604. doi: 10.1146/annurev-immunol-020711-074950

55. Cella, M, Sallusto, F, and Lanzavecchia, A. Origin, maturation and antigen presenting function of dendritic cells. Curr Opin Immunol (1997) 9(1):10–6. doi: 10.1016/S0952-7915(97)80153-7

56. Roche, PA, and Furuta, K. The ins and outs of MHC class II-mediated antigen processing and presentation. Nat Rev Immunol (2015) 15(4):203–16. doi: 10.1038/nri3818

57. Banchereau, J, and Steinman, RM. Dendritic cells and the control of immunity. Nature (1998) 392(6673):245–52. doi: 10.1038/32588

58. Jyothi, MD, and Khar, A. Regulation of CD40L expression on natural killer cells by interleukin-12 and interferon gamma: its role in the elicitation of an effective antitumor immune response. Cancer Immunol Immunother. (2000) 49(10):563–72. doi: 10.1007/s002620000151

59. Carbone, E, Terrazzano, G, Ruggiero, G, Zanzi, D, Ottaiano, A, Manzo, C, et al. Recognition of autologous dendritic cells by human NK cells. Eur J Immunol (1999) 29(12):4022–9. doi: 10.1002/(SICI)1521-4141(199912)29:12<4022::AID-IMMU4022>3.0.CO;2-O

60. Elgueta, R, Benson, MJ, de Vries, VC, Wasiuk, A, Guo, Y, and Noelle, RJ. Molecular mechanism and function of CD40/CD40L engagement in the immune system. Immunol Rev (2009) 229(1):152–72. doi: 10.1111/j.1600-065X.2009.00782.x

61. Boussiotis, VA, Lee, BJ, Freeman, GJ, Gribben, JG, and Nadler, LM. Induction of T cell clonal anergy results in resistance, whereas CD28-mediated costimulation primes for susceptibility to fas- and bax-mediated programmed cell death. J Immunol (1997) 159(7):3156–67.

62. Mallone, R, Kochik, SA, Reijonen, H, Carson, B, Ziegler, SF, Kwok, WW, et al. Functional avidity directs T-cell fate in autoreactive CD4+ T cells. Blood. (2005) 106(8):2798–805. doi: 10.1182/blood-2004-12-4848

63. Sundstedt, A, Höidén, I, Hansson, J, Hedlund, G, Kalland, T, and Dohlsten, M. Superantigen-induced anergy in cytotoxic CD8+ T cells. J Immunol (1995) 154(12):6306–13.

64. Gulzar, N, and Copeland, KFT. CD8+ T-cells: function and response to HIV infection. Curr HIV Res (2004) 2(1):23–37. doi: 10.2174/1570162043485077

65. Mescher, MF, Popescu, FE, Gerner, M, Hammerbeck, CD, and Curtsinger, JM. Activation-induced non-responsiveness (anergy) limits CD8 T cell responses to tumors. Semin Cancer Biol (2007) 17(4):299–308. doi: 10.1016/j.semcancer.2007.06.008

66. Kalekar, LA, Schmiel, SE, Nandiwada, SL, Lam, WY, Barsness, LO, Zhang, N, et al. CD4(+) T cell anergy prevents autoimmunity and generates regulatory T cell precursors. Nat Immunol (2016) 17(3):304–14. doi: 10.1038/ni.3331

67. Redmond, WL, and Linch, SN. Combinatorial immunotherapeutic approaches to restore the function of anergic tumor-reactive cytotoxic CD8+ T cells. Hum Vaccines Immunother. (2016) 12(10):2519–22. doi: 10.1080/21645515.2016.1193277

68. Crespo, J, Sun, H, Welling, TH, Tian, Z, and Zou, W. T Cell anergy, exhaustion, senescence, and stemness in the tumor microenvironment. Curr Opin Immunol (2013) 25(2):214–21. doi: 10.1016/j.coi.2012.12.003

69. Davoodzadeh Gholami, M, Kardar, GA, Saeedi, Y, Heydari, S, Garssen, J, and Falak, R. Exhaustion of T lymphocytes in the tumor microenvironment: Significance and effective mechanisms. Cell Immunol (2017) 322:1–14. doi: 10.1016/j.cellimm.2017.10.002

70. Macián, F, Im, SH, García-Cózar, FJ, and Rao, A. T-Cell anergy. Curr Opin Immunol (2004) 16(2):209–16. doi: 10.1016/j.coi.2004.01.013

71. Kapsenberg, ML. Dendritic-cell control of pathogen-driven T-cell polarization. Nat Rev Immunol (2003) 3(12):984–93. doi: 10.1038/nri1246

72. Lutz, MB, Backer, RA, and Clausen, BE. Revisiting current concepts on the tolerogenicity of steady-state dendritic cell subsets and their maturation stages. J Immunol (2021) 206(8):1681–9. doi: 10.4049/jimmunol.2001315

73. van Vliet, SJ, den Dunnen, J, Gringhuis, SI, Geijtenbeek, TB, and van Kooyk, Y. Innate signaling and regulation of dendritic cell immunity. Curr Opin Immunol (2007) 19(4):435–40. doi: 10.1016/j.coi.2007.05.006

74. Cabeza-Cabrerizo, M, Cardoso, A, Minutti, CM, Pereira da Costa, M, and Reis e Sousa, C. Dendritic cells revisited. Annu Rev Immunol (2021) 39:131–66. doi: 10.1146/annurev-immunol-061020-053707

75. O’Sullivan, B, and Thomas, R. CD40 and dendritic cell function. Crit Rev Immunol (2003) 23(1–2):83–107. doi: 10.1615/CritRevImmunol.v23.i12.50

76. Vivier, E, Raulet, DH, Moretta, A, Caligiuri, MA, Zitvogel, L, Lanier, LL, et al. Innate or adaptive immunity? the example of natural killer cells. Science. (2011) 331(6013):44–9. doi: 10.1126/science.1198687

77. Clatza, A, Bonifaz, LC, Vignali, DAA, and Moreno, J. CD40-induced aggregation of MHC class II and CD80 on the cell surface leads to an early enhancement in antigen presentation. J Immunol (2003) 171(12):6478–87. doi: 10.4049/jimmunol.171.12.6478

78. Ahluwalia, P, Ahluwalia, M, Mondal, AK, Sahajpal, NS, Kota, V, Rojiani, MV, et al. Natural killer cells and dendritic cells: Expanding clinical relevance in the non-small cell lung cancer (NSCLC) tumor microenvironment. Cancers. (2021) 13(16):4037. doi: 10.3390/cancers13164037

79. Liu, S, Galat, V, Galat, Y, Lee, YKA, Wainwright, D, and Wu, J. NK cell-based cancer immunotherapy: from basic biology to clinical development. J Hematol Oncol (2021) 14(1):7. doi: 10.1186/s13045-020-01014-w

80. Bednarski, JJ, Zimmerman, C, Berrien-Elliott, MM, Foltz, JA, Becker-Hapak, M, Neal, CC, et al. Donor memory-like NK cells persist and induce remissions in pediatric patients with relapsed AML after transplant. Blood. (2022) 139(11):1670–83. doi: 10.1182/blood.2021013972

81. Huntington, ND, Cursons, J, and Rautela, J. The cancer-natural killer cell immunity cycle. Nat Rev Cancer. (2020) 20(8):437–54. doi: 10.1038/s41568-020-0272-z

82. Kundu, S, Gurney, M, and O’Dwyer, M. Generating natural killer cells for adoptive transfer: expanding horizons. Cytotherapy (2021) 23(7):559–66. doi: 10.1016/j.jcyt.2020.12.002



Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Lindsay, Melssen, Stasiak, Annis, Woods, Rodriguez, Brown and Engelhard. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc.2022.1058894_cover.jpg
, frontiers ‘ Frontiers in Oncology

NK cells reduce anergic T cell
development in early-stage
tumors by promoting myeloid
cell maturation





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        NK cells reduce anergic T cell development in early-stage tumors by promoting myeloid cell maturation

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Mice

          



          		

            Cell lines

          



          		

            Tumor implantation

          



          		

            Isolation of CD45+ and CD31+ tumor infiltrating cells

          



          		

            T cell ex vivo restimulation assay

          



          		

            Isolation of single cells from LN and spleen

          



          		

            Nur77-GFP reporter adoptive cell transfers

          



          		

            NK cell depletion

          



          		

            PD-1 blockade

          



          		

            CD40L blockade

          



          		

            Flow cytometry

          



          		

            Annexin V staining

          



          		

            Dextramer staining

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Early-stage tumors contain CD31+ endothelial cells expressing high levels of HRL and significant T cell infiltrates

          



          		

            Functional NK cells in early-stage tumors promote HRL expression on CD31+ endothelial cells but diminish intratumoral T cell number

          



          		

            Antigen-experienced T cells in tumors from NK depleted mice show deficient effector function but are not exhausted

          



          		

            CD8+ T cells in early-stage tumors from NK-depleted mice are more likely to become anergic

          



          		

            NK depletion results in reduced CD8+ T cell numbers and functionality in late-stage tumors

          



          		

            Altered T cell activation in the TDLN of NK-depleted mice

          



          		

            APC from tumors and TDLN of NK-depleted mice appear less mature

          



          		

            Blockade of CD40L results in similar phenotypes of T cell activation and APC in the TDLN as NK depletion

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-1058894-g005.jpg
Isotype Control NK Depleted

ooy By PR M8 A 100 - oy 2= B I = ==
s0-{ & 80
, 60 ° 80
2 2 40 8
8 8 2 6
it - L] o o
t % 8
] 8 )
5 s ° 5
= =, g
= 20
2
0 0
CD4a"®d CD44"9 CDad*  CDA4 CD44"®9 CD44"9  CD4d*  CDA4* Al CD44"9 CD44"d CD44*  CDA4*
CD62L* CDB2LMeY CDG2L* CD2LNeY CD62L* CD62LM®Y CDG2L* CD62LNeY CD§*  CD2L* CD62L"®9 CD62L* CDE2LNY
D TDLN E NDLN F TDLN
- 5%10 3 ns ns * ns
ns - _— —— — —
2 — H
3 - 2 ax10®
. 5 2
8 2 B 3x103
- ] 8
5 g S
5" g % .
g % g 2x10°
] 8 g
] = £
8 . ° 8 1x10%
2 5
£ = .
et L —
Isotype NK Isotype NK Isotype  NK CD44"°9 CD44"ed  Cp44*  CD44*
Depleted Depleted Depleted CD62L* CD62L"®Y CD62L* CDE2LeY
TDLN NDLN TDLN TDLN
80
LoD 2o
H o
60 & 3 Tae
2 = =3
8 = B
- 5 ST
I 40 2 25
o o 8t
5 k =5
. 5 5
) H £2
= 2%
ol
CD44"e9 CD44"®d  CD44*  CD44* All  CD44"®d CD44"®0  CDa4*  CD44* Al CD44"®d CD44"ed  CD44*  CD44*
CD62L* CDB2LM®Y CDB2L* CDE2LNed CD8* CD62L* CDB2LM®Y CDG2L* CD62LNeY CD8*  CD62L* CDG2LM®d CD62L* CDG2LMS

TDLN
OT-I Nur77 Reporter





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-1058894-g001.jpg
.
s}
£
=}

T

<

=

[a]

A D10 Tumor

W D7 Tumor

o

<

105

S e

Jowm 6 sed sjj@2 ,1£00

Jown 6 1ad S92 ,1£09

Jowinj 1od $]193 +1£@D [e10L

102

CXcL9*

ICAM-1*  VCAM-1*

cD31*

ICAM-1+ VCAM-1+

CD31+

S1192,1€00 40 14N pazijeuoN

S92 ,1€0240 %

199 ,1€A2 40 %

VCAM-1* CXCL9*

ICAM-1*

CXCL9*

VCAM-1*

ICAM-1*

T

e
&

Jowny 6 Jad sjjp0

2 2 e
X X X

2x105

3 E)

0w} B 19d 51199 1IN 600D

*en

*x

o
108

Jowny B 1ad s|j8d _£a9

2
a
o
o
£5
S
EH
a
S
= 8 @ 2 ° =
B 51199 AO-918 4O ,IOHIW%
ot
8
gL 5
L= BE
2 . * IFa§
a =
3 ®
E
3
PR ©
ok
52
® ° ® -
3% Ed e
51199 AO-918 40 , L 2BY %
| 5
~
H-BE
R
2
2
3
o
e 2 © °
<
£ - s1[99 BAG-918 JO ,09H %
-«
° a
a
. °
i a
& 2]
a = L
i e IS o
- E e s
4 S99 ,1LN 520€00 40 AN %
+
F]
ag
. a
m o
8 ]
3.
5
E & -
%=
a
S
Y e
% ok
S 52
8%
2 B 2 °

= quos|ja3 piojehwi jo AN4I %





OEBPS/Images/fonc-12-1058894-g003.jpg
>

3 g 8

% IFNy* of CD8* T cells
3

CD8* IFNy* T cells per g tumor

o
Isotype  NK Isotype _ NK
Depleted Depleted
. * PP
5 2x0sq — = 5 L isotype
£ = NK Depleted
>
§ 1.5¢10%
h
m o 1x108
g
>
z
£ se0
Y
2
8

ME &

CD44™s  CDA44nes
cDeé2L*

CD44*
CD62L"9 CD62L* CD62L"9

CD44*

9% PD-1" of CD8" T cells
PD-1* CD8" T cells per g tumor

NK
Depleted

Isotype

Isotype

H 1

103 ns

] &

£
? 103 a 8 8
y k2
- oo

eg
E . s8
. )
z £3
© 22
% 103 3
] @
S v

v
ol
Isotype  NK  lsotype  NK
Depleted  PD-1 Depleted

PD-1

CD8* IFNy™9 T cells per g tumor

Isotype

5
E
3
>
3
g
2
8
hd
>
3
1)
o
=]
S
NK
Depleted

NK

Depleted

All CDad* CDas*
cog* cD62L*  CD62L™s
5
E
2
=)
s
a
]
3
8
-
%
a
o

Isotype

NK
Depleted

Isotype _ NK

Depleted

Isotype  NK
PD-1 Depleted
PD-1

« Isotype
= NK Depleted

2x10%
1.5x10*

1x104

5x103

CD44ms  CD44"ed
CD62L* CD62L"e

CD44*  CD4a4*
CD62L* CD62L"es

. Pooled
Unstimulated
2
8 . Isotype mice
i Restimulated
a8
8 NK Depleted mice
Kl Restimulated
‘s
=
g
a
I}
=
Al CD44*  CD44*
cDs* CD62L*  CD62L™9

Isotype  NK
PD-1 Depleted
PD-1
30

20

% SLAMF8"9" TCF7* of CD8* T cells

Isotype  NK lsotype  NK
Depleted  PD-1 Depleted
PD-1





OEBPS/Images/fonc-12-1058894-g007.jpg
Isotype Control antiCD40L

NK Depleted

antiCD40L+ NK Depleted

>
w

8105 T
ns
% R =z 3
105
g 6x10 - E :
s 2 z
2 £ <
5 < £
& 4x10% = 2
3 8 .
£ S - i £
% % a3
a 2x10% . 3 o
o v
o =
All Al CD44e cDa4* cD44*
cps* cpg* cpe2L* CDGB2L"e coe2L*
(o] D o - o i
= peros L= =
3 x40 = i = .
g == =
® #
£ 3 T - )
T 1108 é 10t 3 £ 5. L
2 - T . B
3 £ . :
F a0z 5 w0 i TE
o 2
8 3
‘E 1x101 E 1x102
s =
%
5
8 ix100 1101
Al CD44"®9  CD44"®d  CD44*  CDA4* Al CD11ct  CD1fct  CDHc™s
CD8*  CDG2L* CD62L"Y CDg2L* CDG2LMeY cDifc*  CDMb*  CD103*  CDi1b*

m
m
[o]

H

4x104 hid
— ns 2 "
- ns S K]
% Geivi == = it o
B g =5 5
_g = B = = =
£ 3 i &
@ 2x104 = 8L Eo
3 . 8 E$3 32
£ . s g 22
o v p2 =3 -
£ 1xi0+ o g 3 £s
H I N 8 o 2
Bl : ’
Resident Migratory Al Al Al cDife*  CDHc!  CDHHC™s
coitet coite® coite cottet cDffe*  CDMb*  CD103*  CDHb*
= T — B} o
o _—— 3 3
-8 5 =5
Se S s2
=45} 2= £
= =, =%
H 3e 38
S 35 23
Sa ® O =y
<8 o 5L
55 23 28
Za o =]
2 s 5
s

Resident Migratory
CD11c* cD11et





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-1058894-g006.jpg
Isotype Control NK Depleted

2x106: 3110
1.5x10°¢:
5 = =
g w0 3 3
2 00 2 B 20100
5 g 2
a 2 2
3 g 3
3 . .
L 5x10% 3 G 1x104
5 g g
§ = =
o o
cDtet ctct Al CDfc*  CDifc* CD1cms Resident Migratory
cotos* Ccottb* cDtle  CDIfb* CD103*  CDifb* Dt cD11c*
M
= 3 »
£ N 3
=2 o .
5 &
X : g
i g 5
S= ] 5
H 8 H
ES a a
5 & 8
] £ 2
Al CDMfct CDMHC' CDHC™s Al CDMet CDfMct CDHHc™s Al CDHe! CDIMe® CDHC™s
cDtict CDHb* CD103* CDHb* DMt CD11b* CD103* CDHb* cDHct  CDMB* CD103*  CDH1b*
2
3
S
g
=
5
]
g
8
=
, 4 ; Al CDMct CDMHct CDHc™s Resident Migratory
o Solie,. Sotiel COMCRY Resldent Mignatory cDMet CDI1b* CDA03* CDHb* CDHc' CDHC
4 —
s e
5& EE 3
23 Se
= =2
Eg T=E 2
H & N-
£ EH
5 8
2 o
0
Al CDi1c* CDfc* CDHc™s Resident Migratory CDB0* CDBO™3 CDEO* CDBO™
cDMc* CD11b* CD103* CDHb* CDHc' CDMHC —_—
Isotype NK

Depleted





OEBPS/Images/fonc-12-1058894-g004.jpg
» Isotype Control NK Depleted

20
8 ns ns ns ns e
R » 80 s
2 60 3 g 5
8 : =0
" Y S
t 5 S
8 40 . ° 20 10
2 : 5 33
s w40 S
Y 5 S
£ 20 2 E2 s
i 2 20 2
in oo 8 | 0 0.0
Al CD44N®S CD44™I  CDa4*  CDA4* All cpaa* cD4g* All cD4a* coag*
CD8*  CD62L* CD62LM8 CDG2L* CDG2LNeY ot cD62L*  CDG2LMY ot cDG2L*  CD62Led

<

CD8"* T cells per g tumor
R %

% dead of CD8" T cells
% Annexin V™ of CD8"* T cells

All  CD44™®9 CD44"™S  CDAs*  CDA4® Al CD44Ned CD44ney . . W WT  Perforin Perforin
CD8* CDE2L* CD62LM8 CD62L* CD62LNeY Dy EHE2L OIS Chont CoupLhes Isotype NK KO KO
Depleted Isotype  NK

G H | . Depleted

15

5 2 5
- ~
2 - 5 10
> r 5
2i4; W
H 8 =
o ( 5
3 5 E
3 - H
- Z < 05
Y ™ a
8 ®
0.0
Isotype  NK depleted  NK depleted Isotype NK Isotype  NK depleted  NK depleted
on D7 of tumor prior to tumor Depleted on D7 of tumor prior to tumor
implantation implantation

o

D10 RAG mice Tumor Weight (g)

Isotype _ NK
Depleted





OEBPS/Images/fonc-12-1058894-g002.jpg
Isotype Control NK Depleted

A B c p-008
5
g
3
3 z 2
H H g
2
g 2 3
H £ e
N 3 &
o
ICAM-1* VCAM-1* VCAM-1*
5 3 2
£ :
2 3 4
3 2 %
g = 2
"] E o
= = -
s 5 5
8 2 =
5

CD44Ned CD44"ed  CD44*  CDA44*
CD62L* CD62LMd CDg2L* CD62L"eY

cpitc* CD11c"ed CD11b* NK
MHCI* MHCI* Depleted





