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Abstract

Purpose: Natural Killer (NK) cells are type 1 innate lymphoid cells that are known to secrete 

cytokines and for their role in killing virally infected cells or cancer cells through direct 

cytotoxicity. In addition to direct tumor cell killing, NK cells are known to play fundamental 

roles in the tumor microenvironment through secretion of key cytokines such as FMS-like tyrosine 

kinase 3 ligand (FLT3L). Although radiation therapy (RT) is the mainstay treatment most cancers, 

the role of radiation therapy on NK cells is not well characterized.

Experimental Design: This study combines radiation, immunotherapies, genetic mouse 

models, and antibody depletion experiments to identify the role of NK cells in overcoming 

resistance to RT in orthotopic models of head and neck squamous cell carcinoma.

Results: We have found that NK cells are a crucial component in the development of an 

anti-tumor response, as depleting them removes efficacy of the previously successful combination 

treatment of RT, anti-CD25 and anti-CD137. However, in the absence of NK cells, the effect 

can be rescued through treatment with FLT3L. But neither RT with FLT3L therapy alone nor RT 

with anti-NKG2A yields any meaningful tumor growth delay. We also identify a role for IL-2 in 

activating NK cells to secrete FLT3L. This activity, we show, is mediated through CD122, the 

intermediate affinity IL-2 receptor and can be targeted with anti-CD25 therapy.

Conclusions: These findings highlight the complexity of using radio-immunotherapies to 

activate NK cells within the tumor microenvironment, and the importance of NK cells in activating 

dendritic cells for increased tumor surveillance.
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Introduction

Head and Neck Squamous Cell Carcinoma (HNSCC) is a spontaneously arising cancer 

that affects over 600,000 patients annually (1). For locally advanced disease, chemotherapy 

and radiation therapy (RT) or surgery and risk-adapted adjuvant chemo-radiotherapy remain 

the standard of care, with a five-year survival rate of around 50% (1). Clinical trials are 

currently underway for immunotherapies, but HPV-negative HNSCCs are characterized by 

low immune cell infiltration, and have exhibited poor response to immunotherapy (2). 

Preclinical evidence shows a benefit of combination therapies, in which RT is added to 

immunotherapy to sensitize the tumor microenvironment (TME) to checkpoint inhibition 

immunotherapies, such as programmed death receptor ligand 1 (PD-L1) (3). Unfortunately, 

even in this context, the development of adaptive resistance to radioimmunotherapy remains 

a confounding factor (4,5), and the mechanisms that mediate resistance to combination 

radioimmunotherapy remain unknown. Many new therapies focus on switching the largely 

inhibitory immune response found in most HNSCC to a pro-inflammatory one by removing 

inhibitory signals, such as checkpoint inhibitors (4). However, preclinical evidence suggests 

that these immunotherapies are ineffective at eliminating resistance to radiation (6,7), and 

alternate options require further inquiry.

In some mouse models of HPV-negative HNSCC, regulatory T cells (Tregs) have been 

identified as key regulators of immunosuppression within the TME, and depletion of Tregs 

through anti-CD25 antibody can lead to tumor eradication (5). However, a variety of cells 

express CD25, the alpha subunit of the IL-2 receptor, leaving the potential for off target 

effects. Natural killer (NK) cells are one such population of CD25-expressing cells. In 

addition to their ability to contribute to killing virally infected or cancerous cells through 

cytotoxic activity, NK cells are known to regulate the immune response in melanoma 

through production of FMS-like tyrosine 3 ligand (FLT3L) (8), allowing for expansion 

of dendritic cells (DCs) in the TME, which increases tumor surveillance and antigen 

presentation (9,10).

Activating NK cells, as a form of immunotherapy, represents an understudied area with high 

potential. Monalizumab, a monoclonal antibody targeting the inhibitory receptor NKG2A 

on NK cells, has previously been proposed as an immunotherapy to activate NK cells 

(11). However, as we show here, anti-NKG2A antibody fails to activate NK cells in the 

HNSCC TME, even when combined with RT. For activation by cytokines, NK cells rely 

on IL-15 (12-14) and to some extent IL-2, although the role or the latter is not completely 

understood (14,15). The IL-2 receptor is composed of CD25 (IL-2r alpha), CD122 (IL-2r 

beta), and CD132 (IL-2r gamma). Both the IL-2 and IL-15 receptors are heterotrimeric, 

and share the same beta and gamma subunits, which could result in overlapping functions 

(16). There is some evidence that in humans, IL-2 can stimulate CD25+ NK cells from 

the liver to proliferate (17), and studies in multiple sclerosis have identified a role for the 

intermediate affinity IL-2 receptor, CD122, in IL-2-mediated activation of NK cells (18). 

Although differences between human and murine NK cells exist, NK cells of mice can 

also express the IL-2 receptor and respond to IL-2 (19). Our past work has demonstrated 

success using anti-CD25 antibodies to eliminate resistance to RT in a murine HNSCC 

model, mostly focusing on the effect of anti-CD25 on T cell and Treg populations. Here, 
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we show that depletion of NK cells removes efficacy of combination therapy involving 

RT and anti-CD25. Treatment efficacy can then be restored through FLT3L therapy, which 

expands DC populations, and allows for increased T cell activity. We show that NK cells 

become more activated upon anti-CD25 treatment, and this activation is due to increased 

circulating IL-2. Although anti-CD25 does block IL-2 from activating CD25, we show that 

IL-2 is able to activate NK cells through binding CD122, the intermediate affinity IL-2 

receptor. The novel finding of FLT3-L-mediated interactions between NK cells and DCs in 

the HNSCC TME suggests that these cell populations will provide key targets for future 

immunotherapies.

Materials and Methods

RNAseq

Tumors for RNAseq analysis were harvested and immediately frozen in liquid nitrogen. 

Frozen tumors were stored at −80C until time of analysis. RNA from tumors was extracted 

using an RNA miniprep kit (Zymo Research, Irvine CA). Sequencing was performed by the 

genomics core facility at the University of Colorado Denver Cancer Center. RNAseq was 

performed on a NovaSEQ 6000 with PolyA selection and 2 x 150 paired end reads. Samples 

were sequenced to a depth of 20 million reads per sample.

Cell lines and cell culture

Murine MOC2 and LY2 squamous cell carcinoma cell lines were used for in vivo studies 

and MOC2 cells were used for in vitro studies. The MOC2 cell line (obtained from Dr. 

Ravindra Uppaluri, Dana-Farber Cancer Institute) was derived from a C57BL/6 mouse 

that developed SCC after exposure of the oral cavity to DMBA over 25-weeks (20). The 

LY2 cell line (obtained from the lab of Dr. Nadarajah Vigneswaran, University of Texas 

Health Science Center, Houston) was derived from lymph node metastases that developed 

in BALB/c mice after inoculation of PAM 212 squamous cell carcinoma cells (21). Both 

lines exhibit wildtype expression of TP53 and EGFR. LY2 cells were cultured at 37°C, 

5% CO2 in DMEM-F12 supplemented with 10% FBS and 1% primocin/fungin (InvivoGen, 

San Diego CA); MOC2 cells were cultured at 37°C, 5% CO2 in DMEM-F12:IMDM (1:2) 

supplemented with 10% FBS and 1% primocin/fungin (InvivoGen, San Diego CA), 1.75 μg 

EGF, 20 μg Hydrocortisone, and 0.1% insulin solution (human) (Sigma Aldrich, St. Louis 

MO). All cell lines were used within 5 passage of thawing.

Animal Tumor Model

Orthotopic HNSCC models were established as previously described (3). Briefly, cells were 

mixed at equal volumes with Matrigel (10 mg/mL, BD Biosciences, San Jose, CA), and 

injected into the buccal mucosa of 6-8 week old mice at a final concentration of 1×106/0.1 

ml per mouse for LY2 cells and 1×105/0.1 ml per mouse for MOC2 cells. BALB/c (Charles 

River, Wilmington MA) and C57BL/6 (Jax Labs, Bar Harbor ME) mice were used for LY2 

and MOC2 cell lines, respectively. Mice with a diphtheria toxin receptor-eGRP gene under 

control of the FoxP3 promoter, or DEREG mice (22), were obtained through Ed Chan, our 

collaborator. Mice deficient in the BATF3 gene and lacking DC function (23) were obtained 

through Jackson labs (#013755). Treatment was started when the average tumor size reached 
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100-200 mm3 (8-10 days post inoculation). Tumor size was measured twice weekly with 

digital calipers, and tumor volumes were estimated using the formula (V=A×B2/2 mm3), 

where A is the longer and B is the shorter diameter of the tumor. Mice exhibiting signs 

of morbidity according to the guidelines set by the Institutional Animal Care and Use 

Committee (IACUC) were sacrificed immediately. Primary tumors and regional lymph 

nodes were harvested upon sacrifice.

Irradiation

Irradiation was performed using the X-RAD SmART image-guided irradiator (Precision 

X-Ray Inc., Branford CT) at 225 kVp, 20 mA with a 0.3 mm Cu filter. During mouse buccal 

irradiation, mice were anesthetized with isoflurane and positioned in the prone orientation. 

A CT scan was acquired prior to radiation delivery (5.6 Gy/min). LY2 tumors were treated 

with 1 dose of 10 Gy, as this is enough to achieve eradication whereas MOC2 tumors were 

treated with 3-5 doses of hypofractionated radiation at 8 Gy per dose to achieve eradication 

as previously reported (24).

Antibody Treatment and Depletions

For antibody depletion experiments, anti-CD25 (Clone: PC-61.5.3, Bio X Cell, Lebanon 

NH), anti-CD4 (Clone:GK1.5, Bio X Cell, Lebanon NH), anti-CD8a (Clone:53-6.7, Bio 

X Cell, Lebanon NH), anti-CD137 (4-1BB, Clone:3H3, Bio X Cell, Lebanon NH) were 

injected (i.p.) at 10 mg/kg/dose twice weekly for the length of each experiment. All 

antibody-based treatments were accompanied by the isotype controls at the same dose, 

and in the same time frame. Diphtheria toxin (DT) was administered twice weekly (i.p.) to 

DEREG mice at a dose of 1 μg/mouse as previously reported (25).

Flow cytometry in vitro and in vivo procedures

For flow cytometric analysis of tumor tissue, single-cell suspensions of tumor cells were 

prepared as previously described (26). Briefly, tumors were minced, and placed in HBSS 

solution containing 200 U Collagenase III (Worthington, Lakewood NJ) for 40 minutes at 

37°C with gentle shaking every 15 minutes. After the incubation period, tumor pieces were 

passed through a 70 μm nylon mesh. The resulting cell suspension was centrifuged and re­

suspended in red blood cell lysis buffer for 5 minutes (InVitrogen, Carlsbad CA). HBSS was 

added to inactivate RBC lysis buffer, cell suspensions were centrifuged, re-suspended, and 

counted using an automated cell counter. Draining lymph nodes were also collected where 

described, and were processed into single-cell suspensions through mechanical separation. 

For intracellular flow cytometric analysis, 2×106 live cells were plated in 24-well plates 

and cultured for 4 hours in the presence of monensin to prevent release of cytokines; 

PMA and ionomycin were added to cultures to stimulate cytokine production. After the 

incubation period, cells were incubated with the live/dead aqua viability stain kit (Invitrogen, 

Carlsbad CA) for 30 min at 4°C. Cells were centrifuged, and then incubated with FC block 

(anti-CD16/32 antibody) (Tonbo Biosciences, San Diego CA) for 20 min at 4°C. Cells were 

centrifuged, and then resuspended in buffer containing staining antibodies, and incubated 

at 4°C for 20 min. For analysis of immune cells, the following conjugated antibodies 

were used: PerCP-CD45 (Clone: 30-F11, BD Biosciences, La Jolla CA), BUV395-CD3 

(Clone: 145-2C11, BD Biosciences, La Jolla CA), PercP-Cy5.5-CD3 (Clone: 145-2C11, 
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BD Biosciences La Jolla CA) SuperBright436-CD4 (Clone: GK1.5, Invitrogen, Carlsbad 

CA), BrilliantBlue515-CD8 (Clone: 53-6.7, BD Biosciences, La Jolla CA), PE-FoxP3 

(clone: MF-14, Biolegend, San Diego CA), AF488-FoxP3 (Clone: MF-14, Biolegend, San 

Diego CA), FITC-FoxP3 (Clone: 3G3, Millipore/Sigma, Burlington MA), BV605 IFN-γ 
(Clone: B27, BD Biosciences La Jolla CA), BV421-IFN-γ (Clone: B27, BD Biosciences, 

La Jolla CA), efluor450-TNF- α (Clone: MP6-XT22, Invitrogen, Carlsbad CA), BV750 

TNF-α (Clone: MP6-XT22, BD Biosciences, La Jolla CA), PE-Cy7- NK1.1 (Clone: PK136, 

BD Biosciences, La Jolla CA), FITC-Granzyme-B (Clone: GB11, BD Biosciences, La 

Jolla CA), BUV737-CD11b (Clone: M1/70, BD Biosciences, La Jolla CA), APC-CD11c 

(Clone: HL3, BD Biosciences, La Jolla CA), APC-Cy7-F4/80 (Clone: BM8, Biolegend, 

San Diego CA), PE-Dazzle594-CD103 (Clone: 2E7, Biolegend San Diego CA), BV650­

I-Ab (Clone: M5/114, BD Biosciences, La Jolla CA), BV480-CD80 (Clone: 16-10A1, 

BD Biosciences, La Jolla CA), PercP-efluor710-PD-L1 (Clone: MIH5, ebiosciences San 

Diego, CA) efluor450-Ly6C (Clone: HK1.4, Invitrogen, Carlsbad CA), BV785-Ly6G 

(Clone: 1A8, BD Biosciences, La Jolla CA), Brilliantblue700- PD-1 (Clone: RMP1-30, 

BD Biosciences, La Jolla CA), PE-Perforin (Clone: S16009A, Biolegend San Diego CA), 

BV421-CD25 (Clone: 3C7, BD Biosciences, La Jolla CA), BV480-CD27 (Clone: LG3A10, 

BD Biosciences, La Jolla CA), PECy7-NKp46 (Clone: 29A1.4, Biolegend San Diego CA), 

efluor-450 CD122 (Clone TM-b1, ebioscience, San Diego CA), BV711-CD314 (NKG2D) 

(Clone: CX5, BD Biosciences, La Jolla CA), BV786-LY49A (Clone: A1, BD Biosciences, 

La Jolla CA), Alexa Fluor 647-LY49H (Clone: CD10, BD Biosciences, La Jolla CA ), 

BV605-DNAM-1 (CD226) (Clone: 10E5, BD Biosciences, La Jolla CA). Flow cytometry 

samples were analyzed on an Aurora spectral cytometer (Cytek Biosciences, Fremont CA) 

at the University of Colorado Denver Cancer Flow Cytometry Core. Fluorescence minus-one 

(FMO) controls were used to determine gating. Data were analyzed using FlowJo Analysis 

software (Flowjo, Ashland OR).

FLT3L HDT and IP injection

FLT3L was administered either by i.p. injection of 10 μg/mouse, or by hydrodynamic 

delivery (HDT) via tail vein of 10 μg FLT3L plasmid (LakePharma, San Francisco, CA) 

dissolved in 1.5 mL dPBS.

Serum ELISA and supernatant ELISA for IL-2 and FLT3L

Blood samples from living animals were collected by cheek punch from mice at specified 

time points. Terminal bleeds were taken via heart stick upon sacrifice. Serum was obtained 

from blood samples collected in BD microtainers (BD Biosciences, San Jose CA) following 

incubation for 30 min at room temperature and centrifugation at 6000 RPM for 2 minutes. 

Collected serum was stored at-80°C until time of analysis.

FlowSOM

FlowSOM (self-organized map) analysis was conducted using a previously published 

protocol (27) following initial data collection using FlowJo. Live cells from singlets gate 

were identified using viability dye 510 (Invitrogen, Carlsbad CA). NK cells were selectively 

gated based on expression of CD45 and NKp46. All samples were concatenated into a 

single file, and were then run through the Phenograph plugins available in FlowJo using 
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the compensated parameters for the markers indicated in each heat map. Initial analysis 

with Phenograph identified the number of potential clusters. The concatenated file was then 

run through FlowSOM using the number of meta clusters identified by Phenograph and 

indicated in the heatmaps. The same analysis was subsequently performed on the individual 

treatment groups and results were mapped to the first tree, ensuring comparability between 

results. Heatmaps were generated using R studio.

In vitro NK cell killing assay

Calcein release killing assay was performed as described previously (28). Briefly, NK 

cells were isolated from naïve C57BL/6 mouse spleens with an NK cell negative selection 

isolation kit (Miltenyi biotec, Bergisch Gladbach). Target cells, MOC2 tumor cells, were 

stained with Calcein (ThermoFisher, Waltham MA) in a 2 μg/mL solution in RPMI media 

with 10% FBS. NK cells were incubated with target cells at an effector:target ratio of 

2:1. Stimulation was added as indicated at the following concentrations: IL-2, 1000 U/mL 

(29), IL-15, 20 ng/mL (29), IL-15 SA, 50 ng/mL (30), anti-CD25, 10 mg/mL. IL-15SA 

was created by mixing 0.75 μg rIL-15 (ebioscience) with 7 μg rIL-15RA-FC chimera 

protein (R&D systems), and incubating for 30 mins at 37°C. Stimulants were added to 

cultures and incubated for 4 hours. Plates were centrifuged, and supernatant was removed 

to a flat bottom plate. Fluorescence was read on Tecan Infinite M plex fluorescence plate 

reader and 485 nm/530 nm ratio was calculated. Specific cell lysis was calculated through 

the equation: (Test release−Spontaneous release)/(Maximum release−Spontaneous release)]

×100. Maximum release was calculated following incubation of target cells with 1% triton X 

in media, and spontaneous release was calculated following incubation of target cells in 10% 

RPMI with no stimulus.

Immunoprecipitation and Western Blot

NK cells were isolated from C57BL/6 mouse spleens with an NK cell negative selection 

isolation kit (Miltenyi biotec, Bergisch Gladbach). Cells were suspended in 1× Cell Lysis 

Buffer containing protease and phosphatase inhibitors. Lysate was diluted to 1 μg/μL in lysis 

buffer, and 100 μL of the diluted lysate was incubated with anti-CD122 antibody (Santa 

Cruz Biotechnologies, Dallas TX) at a 1:100 dilution overnight at 4°C with end-over-end 

rotation. Magnetic protein G beads (Bio-Rad) were washed three times with 1× PBS, 

added to lysate–antibody complexes, and the mixture was incubated overnight at 4°C with 

end-over-end rotation. Beads were washed three times with cold 1:1 lysis buffer:PBS, 

removing supernatant after each wash. Protein was eluted from beads by adding 1× sample 

loading buffer (Invitrogen) containing reducing agent (Invitrogen), and boiling beads at 

95°C for 15 minutes. A total of 100 μg equivalent starting material was resolved on a 

10% SDS-PAGE gel, and then transferred to Immuno-Blot PVDF membrane (Bio-Rad). 

Membranes were probed for total phosphotyrosine using anti-phosphotyrosin 4G10 (Cell 

Signaling Technology).

Survival Curves and pathway analysis

Survival curves were generated with UCSC Xena browser at xenabrowser.net using the 

TCGA Head and Neck Cancer (HNSC) dataset. Phenotypic sample type was chosen 

and samples with primary tumor were used. High expression of FLT3 and FLT3LG was 
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determined by Log2 transformed normalized expression with a threshold of 3.463 for FLT3 

and 7.13 for FLT3LG. Gene set enrichment analysis was performed differential expression 

function within the Xena browser. Gene set enrichment analysis was performed using the 

full ranked list of genes by log2 fold change for the indicated comparisons using the fgsea R 

package (31) on KEGG pathways (32). Waterfall plots of pathways were created in R.

Statistical analysis

Statistical analysis was completed using one-way ANOVA with Tukey correction for all 

comparisons with three or more groups, and unpaired t-tests were used for all comparisons 

involving two groups; other tests were used where indicated. All statistical analyses were 

performed in Prism software (GraphPad, v8.00). All statistical tests were two-sided. Box 

and whisker plots illustrate mean with standard deviation noted by error bars. For studies 

involving tumor growth curves, data points represent repeat measurements of individual 

tumors at indicated time points. All other graphs represent measurements taken from distinct 

samples.

Study Approval

All protocols for animal tumor models were approved by the IACUC of the University of 

Colorado, Denver.

Model creation

Figure 6 was created through Biorender.com.

Results

Anti-NKG2A antibody in combination with radiation increases intratumoral DC recruitment 
but fails to enhance DC or Teff activation leading to sustained tumor growth

Tumor-associated NK cells from primary human HNSCCs have been shown to upregulate 

the inhibitory receptor NK group 2 member A (NKG2A) (33). We, therefore, sought to 

test the hypothesis that therapeutic resistance to RT in HPV-negative models of HNSCCs 

could be overcome by targeting NKG2A. Monalizumab, a monoclonal antibody that targets 

the NKG2A receptor on both CD8 T cells and NK cells, has shown enhanced NK cell 

cytotoxicity when combined with anti-EGFR antibodies (11). In mice, NKG2A binds to the 

receptor Qa-1b (34), which remained highly expressed both before and after RT (Figure 

1A). Expression of NKG2A did not change in relation to RT as well (supplementary Figure 

1A). We hypothesized that this could lead to a synergy between RT and anti-NKG2A. 

In combination with RT, however, neither MOC2 nor LY2 tumors showed a significant 

response to anti-NKG2A (Figure 1B). Depleting NK cells with anti-NK1.1 and anti-Asialo 

GM1 also had no effect on the lack of response to anti-NKG2A (Figure 1B) suggesting that 

any effect induced by anti-NKG2A was unaffected by the presence or absence of NK cells.

Flow cytometric analysis indicated that blocking NKG2A failed to enhance NK cell 

recruitment or expression of IFNγ or Granzyme B in the MOC2 model (Figure 1C), 

and did not affect NK populations defined by NK cell developmental markers CD27hi 

CD11blo (terminal) or CD27lo CD11bhi (naïve) (Supplemental Figure 1B) (35). However, 
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NK cell depletion during RT or combination RT and anti-NKG2A therapy resulted in 

three significant findings. First, we observed a significant increase in intratumoral FoxP3+ 

Tregs, known to be immunosuppressive, with NK cell depletion and RT and anti-NKG2A 

therapy (Supplementary Figure 1C). Second, while we observed a significant increase in 

intratumoral CD11c+ CD103+ DCs (Figure 1D), no change in lymph node CD103+ DCs or 

serum FLT3 was detected, suggesting no increase in antigen presentation (Figure 1D). And, 

third, the RT and anti-NKG2A combination was not associated with an increase in effector T 

cells as measured by Granzyme B production by CD8 T cells or IFNγ production by CD4 T 

cells (Figure 1E).

With these results, we hypothesized that while anti-NKG2A antibody with RT did stimulate 

DC recruitment, recruited DCs were unable to override the negative effects of FoxP3+ 

Tregs still present within the tumor (Supplementary Figure 1B). Additionally, whereas 

anti-NKG2A has shown a propensity to increase the cytolytic effect of NK cells (11), DCs in 

lymph node and T cells in tumor remain unchanged. However, the addition of anti-NKG2A 

to our previously successful triple combinational therapy of RT, anti-CD25 antibody to 

deplete Tregs, and anti-CD137 antibody to activate DCs (24) failed to confer additional 

benefits in the MOC2 model (Supplementary Figure 1D) suggesting that any benefit of cell 

activation from anti-NKG2A is not unique, and can be attained through other means.

NK cells and FLT3L are a necessary requirement for successful combination 
radioimmunotherapy

With the failure of blocking NKG2A to activate NK cells, we sought other approaches. Our 

previous work has shown that, unlike the LY2 tumor model, Treg depletion with anti-CD25 

combined with RT is not sufficient to overcome radioresistance in the MOC2 tumor model 

(5). Based on the above findings and our previous data (24), we hypothesized that activation 

of the DCs would be required to overcome resistance in immunologically cold tumors in 

the context of RT. Previous studies in B16 melanoma models have indicated that NK cells 

are required for successful activation of DCs via anti-CD137 immunotherapy (36). This 

caused us to question the role of NK cells in DC activation in our HNSCC tumor models. 

We had previously shown that combination therapy with RT, anti-CD25, and anti-CD137 

antibodies significantly delayed tumor growth in the MOC2 tumor model (24), and RT and 

anti-CD25 doublet therapy did the same in the LY2 tumor model (5). Our previous analysis 

showed sustained activation of DC populations upon treatment with a combination of RT, 

anti-CD25, and anti-CD137 in the MOC2 tumor model, and here we observed trending DC 

activation within the tumor and small increases in the blood of mice treated with RT + 

anti-CD25 in the LY2 model (Supplementary Figure 2A). RNAseq analysis showed that that 

IL-15, IL-2, IL-2RA, and IL-2RB production remain unchanged after RT in both MOC2 

and LY2 models, suggesting that NK cells lack sufficient activating cytokines with RT alone 

treatment (Figure 2A, B). Similarly, FLT3L RNA also remains low, suggesting that DCs 

lack continued growth factor signals (Figure 2A, B). Thus, we hypothesized that expansion 

and activation of DCs through FLT3L therapy, as seen previously (37), would eliminate 

resistance in the context of RT. Unexpectedly, the use of FLT3L therapy to activate DCs in 

conjunction with RT was insufficient to prevent resistance to RT (Figure 2C). This suggests 

Bickett et al. Page 8

Clin Cancer Res. Author manuscript; available in PMC 2022 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that expansion of DCs alone is unable to overcome resistance to RT, and involvement of 

other cell types is necessary.

In a series of loss of function and rescue of function experiments, we sought to determine 

the necessity of NK cells for production of FLT3L to impart a tumor growth inhibiting effect 

of radioimmunotherapy in our MOC2 non-T cell inflamed tumor model (Figure 2D). NK 

cell depletion with anti-NK1.1 eliminated the effect of the combined RT, anti-CD137, and 

anti-CD25 therapy (Figure 2E). Addition of FLT3L therapy after NK cell depletion rescued 

the effect of the triple therapy (Figure 2E). Similarly, NK cell depletion by anti-Asialo GM1 

in LY2 tumors (Figure 2F) eliminated the beneficial effect of combined RT + anti-CD25 

therapy (38) (Figure 2G). Rescue of function with FLT3L therapy also restored the response 

to RT+anti-CD25 in the LY2 tumor model after NK cell depletion. This result was supported 

by serum analysis, which showed a significant decrease in FLT3L with NK cell depletion, 

and restored levels in the NK-depleted groups treated with FLT3L at 8 days post RT 

(supplementary Figure 2B). It should be noted that no difference was recorded in nodal 

metastasis between these groups. To confirm the role of FLT3L in RT + anti-CD25 + 

anti-CD137 therapy, we used a FLT3L KO mouse (C57BL/6 background). FLT3L KO mice 

treated with RT + anti-CD25 + anti-CD137 showed no tumor growth delay compared with 

WT mice (Figure 2H). This suggests that the effect of therapy is dependent on FLT3L. 

Overall these data support our hypothesis that expansion of DCs alone is not sufficient 

to eliminate resistance to RT, and other signals are necessary for a successful immune 

response.

FLT3L produced by NK cells is required for DC tumor surveillance and CD8 T cell 
activation

With the understanding that stimulation of NK cells and DCs is required to overcome 

resistance to RT, we hypothesized that DCs mediate CD8 T cell cytotoxicity in the TME. 

Previous reports detailing the importance of interactions between NK cells and DCs in 

melanoma have highlighted the significance of CD103+ DC populations to proper antigen 

presentation (8,39). In order to continue use of FLT3L we employed hydrodynamic delivery 

of the pLEV mammalian expression vector. Through testing the vehicle control and FLT3L 

pLEV vector we determined that vector expressed FLT3L was sufficient to inhibit tumor 

growth (supplementary figure 3A). In both our MOC2 and LY2 models of the HNSCC 

TME, we found that there was an increase in numbers of CD103+ DCs after FLT3L 

therapy (Figure 3A). We previously showed that CD103+ DCs are required for efficacy 

of treatment with RT, anti-CD25, and anti-CD137 therapy, and this triple combination 

radioimmunotherapy increased DC trafficking to lymph nodes (24). We have also previously 

reported the activating effect of this triple combination radioimmunotherapy on T cell 

populations (24), and here we confirm that FLT3L therapy acts further to stimulate CD8 

T cell populations within the TME (Figure 3B). To test the dependence of the FLT3L 

rescue response to radioimmunotherapy on T cells or DCs, we conducted pharmacologic 

and/or genetic depletion experiments in which animals received the triple combination 

RT, NK, FLT3L therapy (Figure 3C). Antibody depletion of CD8 T cells, and genetic 

depletion through RAG−/− KO mice removed any rescue effect of FLT3L therapy (Figure 
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3D), whereas depletion of CD4 T cells did not. This is similar to previous data we have 

published showing the dependence of the LY2 model on CD4 and CD8 T cells (3,38).

DC and NK cell activating Cytokines in serum were at normal levels, revealing the only 

difference to be the depleted T cell populations (Figure 3E). This suggests that FLT3L 

functions through promoting DC-CD8T cell interactions. To assess the role of DCs in TME 

surveillance and activation during FLT3L therapy, we utilized a BATF3 KO mouse model 

lacking functional DCs (39) according to the protocol outlined in Figure 3F. Just as in the T 

cell depletion, mice devoid of DCs showed no rescue of function with NK cell depletion and 

FLT3L therapy (Figure 3G). Serum levels of FLT3L in treated groups of BATF3 KO mice 

confirmed elevation of FLT3L (Figure 3H).

To further understand the mechanisms behind FLT3L-mediated tumor clearance, we 

analyzed the TME after RT. We hypothesized that the FLT3L-induced expansion of DCs 

resulted in increased T cell activation within the tumor. Our analysis showed that overall 

CD4 T cell populations were relatively unchanged, but CD25+ CD4 T cells were markedly 

reduced (Figure 3I). We also found that CD4 T cell populations were devoid of any IFNγ 
(Figure 3I). Importantly, we also found that CD8 T cells were significantly reduced in the 

tumors of BATF3−/− mice even with FLT3L therapy (Figure 3I), suggesting significantly 

reduced T cell activation. When looking at an earlier time point, just 3 days after the 

initiation of FLT3L therapy, we found an increase in Ki67 in CD8 T cells in the lymph 

node but not in the tumor (Supplementary Figure 3B). This suggests that FLT3L-induced 

expansion of DCs results in an increase in DC trafficking to the draining lymph nodes, 

where DC priming of T cells results in an increase in CD8T cell activation.

Anti-CD25 therapy results in activation of circulating and tumor NK cells

The requirement of NK cells for effective anti-CD25 therapy led us to examine the effect 

of RT combined with anti-CD25 on circulating NK cells and on NKs in the TME. In the 

MOC2 model, our data showed that NK cells were recruited into the tumor and activated 

by our triple combination radioimmunotherapy as reflected by an increase in NK cell 

IFNγ and a transient increase in TNFα production (Figure 4A, Supplementary Figure 4A). 

However, no differences were noted between populations of CD27lo CD11bhi (naive) and 

CD11blo CD27hi (terminal) NK cells (Supplementary Figure 4B) (35). To better visualize 

the changes in NK cell populations within the TME after RT + anti-CD25 therapy, we 

utilized Phenograph and FlowSOM, clustering algorithms to identify unique populations 

and create self-organized maps. These populations were then characterized through marker 

expression visualized with heatmaps based on the mean fluorescence intensity (MFI) of each 

marker. The frequency of each population was then plotted. Within LY2 tumors, we noticed 

an increase in the presence of NK cells producing IFNγ and TNFα (populations 2 and 7, 

Figure 4B) similar to our observations with triple therapy in the MOC2 model. A significant 

increase in NK cell activation in the peripheral blood was also identified through increases 

in CD27 and NKG2D expression, along with increased production of IFNγ (Figure 4C). 

This finding was corroborated in MOC2 bearing C57BL/6 mice, as flowSOM revealed 

populations of TNFα and IFNγ producing NK cells within the tumor when anti-CD25 was 

added to RT and anti-CD137 therapy (Populations 5, 6, Figure 4D). In addition, populations 
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expressing high levels of PD-L1 were markedly reduced upon treatment with anti-CD25 

(populations 3, 4, 15, 16, and 17, Figure 4D) suggesting further activation of NK cells (40). 

NK cells found in the blood of the same mice showed significant increases in DNAM1, 

CD27, TNF-α and LY49H, markers, all suggestive of increased activation (35,41) (Figure 

4E). These data indicate that anti-CD25 activates both systemic and tumor NK cells.

Anti-CD25 therapy-mediated Treg depletion allows for increased NK cell activation

As IL-2 and CD25 are key regulators of T cell homeostasis (42), we sought to assess 

changes to CD4 T cell populations upon anti-CD25 treatment. We found that CD4+ CD25+ 

T cells were significantly reduced with anti-CD25 treatment (Supplementary Figure 4C). 

We hypothesized that the CD4+ CD25+ T cells were Tregs, and their removal allowed 

for increased NK cell activation; we sought to test this in a DEREG mouse model, in 

which the FoxP3 promoter is under the control of a diphtheria toxin receptor. This model 

enabled us to interrogate whether anti-CD25 antibody contributed any additional benefit not 

mediated by FoxP3+ Treg depletion. We found that mice treated with RT and DT to deplete 

their Tregs, and with anti-CD137 showed modest reductions in tumor growth compared to 

historical MOC2 tumor experiments. However, tumor sizes were further decreased by the 

addition of anti-CD25 (Figure 4F). This suggests that anti-CD25 does more than deplete 

Tregs. We also found an increase in serum FLT3L in DT Treg-depleted and anti-CD25­

treated mice (Supplementary Figure 4D), suggesting that immune suppression by Tregs also 

reduces FLT3L production. Past flow cytometry studies have identified that Tregs are indeed 

depleted upon addition of DT (24). Here, flow cytometry of tumors in the DEREG model 

revealed that NK cell population frequencies were unchanged in our treatment groups, but 

more NK cells expressed CD27 and DNAM-1, suggesting increased activation in the TME 

(Figure 4G).

To further understand the effect of treatment plus Treg depletion on NK cells we again used 

Phenograph and FlowSOM. From our analysis, we characterized 14 distinct populations of 

NK cells. Most of these populations were similar among treatment groups, and expressed 

similar levels of markers (Figure 4H). However, population 9, was present only when Tregs 

were depleted with DT. This population is positive for CD25 and CD122 and exhibits high 

expression of NKG2D, an activating NK cell receptor (Figure 4H, I). The presence of 

this population was increased upon treatment with anti-CD25 and depletion of Tregs with 

DT (Figure 4H, I). Additionally, population 3, with expression of other activating markers 

like NKG2D and DNAM-1, increased in abundance, and population 4, without activation 

markers decreased in abundance (Figure 4H, I). Overall these data support a model in which 

anti-CD25 antibody modulates NK cell activation through depletion of CD25+ CD4+ T cells, 

but which are not necessarily FoxP3+ Tregs.

IL-2 stimulates NK cells through CD122, the intermediate affinity IL-2 receptor

A remaining question is the mechanism by which removal of CD25+ CD4+ T cells activates 

NK cells. Previous reports using anti-CD25 antibodies have identified IL-2 as an activator of 

NK cells (18), and we hypothesized that depletion of CD25+ CD4+ T cells would provide 

similar stimulus. As these mice were treated with anti-CD25, the alpha chain of the IL-2 

receptor, it seemed unlikely that IL-2 would be able to stimulate NK cells because the 
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antibody would be in competition for the receptor. However, CD122, the beta chain of 

the IL-2 receptor, has been identified as key for activation of NK cells by IL-2 (18). We, 

therefore, hypothesized that removal of CD4+ CD25+ T cells would reduce IL-2 scavenging, 

allowing for increased IL-2 availability, and that CD122 was responsible for IL-2-mediated 

NK cell activation in our model.

We utilized an in vitro system to explore activation of NK cells by IL-2 with and without 

anti-CD25 antibody. As positive controls, we also used IL-15 and IL-15 superagonist 

(IL-15SA) which are known to activate NK cells (43,44). We found that anti-CD25 antibody 

did not inhibit IL-2 induced NK cell killing of cancer cells (Figure 5A). Flow cytometry 

of the in vitro stimulated NK cell populations revealed increased secretion of IFNγ and 

Granzyme B when subjected to IL-2 treatment even when anti-CD25 was added (Figure 

5B). Our flow cytometry also revealed that upon IL-2 stimulation, expression of CD122 

was markedly reduced (Figure 5C). We hypothesize this was due to internalization and 

lysosomal degradation of CD122 upon binding with IL-2 (45). Finally, IL-2 consumption 

by NK cell populations increased when anti-CD25 was used (Figure 5D), suggesting that 

IL-2 can stimulate NK cells even when the receptor is blocked by anti-CD25 antibody. 

To confirm this, we immunoprecipitated CD122 from the lysate of NK cells stimulated 

with IL-2, anti-CD25, or both, and performed a western blot for phospho-tyrosine to assess 

activation of the receptor. We found that only after addition of both anti-CD25 and IL-2 did 

we visualize any phosphorylated CD122 (Figure 5E), suggesting activation of this receptor 

by IL-2 when anti-CD25 was blocked. To corroborate this in vivo, we analyzed serum IL-2 

of triple combination radioimmunotherapy treated mice, and we found that there was an 

increase in serum IL-2 following RT, anti-CD25, and anti-CD137 administration (Figure 

5F), which would be available to activate NK cells. As the NK cells in blood were activated 

(Figure 4B and C), this supports our hypothesis that IL-2 drives activation of NK cells in 

these mice.

Based on these data, we hypothesized that these IL-2 activated NK cells produce FLT3L, 

which expands DCs leading to a durable CD8T cell response and tumor eradication. Again, 

our in vitro model revealed that IL-2 stimulated NK cells to produce FLT3L (Figure 5G). 

However, our analysis of DCs after RT and anti-CD25 therapy without anti-CD137 failed 

to show any meaningful change in activation or expansion (Supplementary Figure 5B). 

Therefore, to derive the maximal benefit of anti-CD25, we combined it with FLT3L therapy. 

In our MOC2 model we found that RT + anti-CD25 + FLT3L therapy led to significant 

tumor growth delay (Figure 5H, Supplementary Figure 5C) confirming that activation of NK 

cells and DCs is a viable option for overcoming resistance to RT.

FLT3 and FLT3LG correlate with increased survival in human HNSCC

To better understand the role of FLT3L (FLT3LG) in human cancers, we mined the head 

and neck cancer database from the TCGA. Our initial analysis showed increased 5-year 

overall survival of patients with increased expression of both receptor and ligand, FLT3 

and FLT3LG (supplementary figure 6 A, B). Analysis of a subset of patients with above 

median expression of both FLT3 and FLT3LG showed improved overall survival compared 

to those with levels below median levels (Figure 6A). Gene set enrichment analysis of 
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the top 15 KEGG enriched pathways (32) in this subset of patients with increased FLT3/

FLT3LG expression showed enrichment of antigen processing and presentation, T cell 

receptor signaling, and NK cell mediated cytotoxicity (Figure 6B). These data emphasize the 

importance of FLT3/FLT3LG expression in human HNSCC and suggest that therapies aimed 

at enhancing expression of FLT3/FLT3LG may improve survival.

Discussion

Our previous work highlighted how the interaction of DCs and Tregs can be modulated 

through the use of anti-CD137 antibody (24). Here, we identify NK cells as critical 

components mediating this cross talk. With reduced IL-2 scavenging by CD25+ CD4+ 

T cells, more IL-2 is left to activate NK cells. NK cell activation by IL-2 leads to 

increased production of FLT3L and further DC activation for tumor surveillance and CD8 

T cell activation in draining lymph nodes (Figure 6C). As we have shown, each of these 

components plays a significant role, as depletion of NK cells or DCs or the presence of 

Tregs abrogates the effects of combination radioimmunotherapy in both the MOC2 and 

LY2 models. We find that the presence of NK cells is crucial for proper functioning of the 

anti-CD25 antibody, even within the LY2 model where previously the role of CD25 was 

thought to be through Treg depletion (24). It is important to note, however, that while FLT3L 

therapy can activate DCs in place of NK cells, concordant with previously published work 

in other tumor models (8), in the HNSCC TME, anti-CD25 is still necessary. Combination 

of RT with FLT3L alone was simply not sufficient in reducing tumor size. This suggests that 

anti-CD25 has roles other than elimination of IL-2-sequestering T cells. Depletion of Tregs 

may be crucial to FLT3L efficacy, as T cell responses are clearly involved. Overall, our data 

suggest a system in which multiple components must cooperate for effective therapy.

A critical piece of evidence emerged from differences noted between the MOC2 and LY2 

tumor models. This and previous work have shown that elimination of resistance to RT is 

possible in the LY2 model through depletion of Tregs (5,24) thereby removing the inhibition 

on NK cells and T effector functions. In the MOC2 tumor model, however, Treg depletion 

was essential but not sufficient as this model is more heavily reliant on immunotherapy­

mediated DC activation (24). DCs provide important functions within the LY2 TME, but 

a-CD25 alone appears to be sufficient there in modulating both Tregs and DCs (24). Though 

it does seem that NK cells are crucial to successful immunotherapy in both models, future 

studies focused on this aspect may help rectify our understanding of the differences between 

the MOC2 and LY2 HPV negative HNSCC mouse models.

Our findings are also in line with other studies suggesting that modifying the regulatory 

capacity of NK cells leads to better anti-tumor responses. Here, we report that NK cell 

activation by immunotherapy is not important for direct anti-tumor cytotoxic activity, 

but is important for immunoregulatory activity. Other regulatory roles for NK cells have 

been identified, such as stimulating memory T cell populations (46) and limiting other 

aspects of the T cell response through cytokine activity or perforin mediated T cell death 

(47). Unfortunately, we have little insight into the processes surrounding NK cell immune 

regulation. IL-2 and CD25 are known to activate immunoregulatory mechanisms in T cell 

populations (42). CD25+ CD4+ Tregs are known to suppress lymphocyte and NK cell 
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populations through production of anti-inflammatory cytokines such as TGFβ and IL-10, 

direct cell-cell interaction, and binding and removal of IL-2 through IL-2 scavenging (42). 

Our past work has identified the important role of Tregs within LY2 tumors, and has shown 

that depletion of Tregs with anti-CD25 combined with RT leads to tumor eradication (5). 

Others have reported that CD25−/− mice lack Tregs, and as a result have elevated amounts of 

IL-2 in serum (48). Overall, the evidence suggests that depletion of CD4+CD25+ T cells may 

have an indirect role in the activation of NK cells by circulating IL-2.

As we have shown, IL-2 is capable of activating NK cells in mice, and there is the potential 

that IL-2 also activates the immunoregulatory activities of NK cells. NK cells have been 

linked to efficacy of anti-CD25 therapy in humans during treatment of multiple sclerosis 

(49). This has led to the paradoxical finding that in the presence of IL-2 binding to NK 

cells, blocking CD25 leads to greater activation of NK cells during treatment for multiple 

sclerosis. (18). Here, we noticed the paradoxical activity of the IL-2 receptor chains in mice, 

but in light of published studies, our findings suggest the potential for translational crossover 

to humans during treatment of cancers with anti-CD25 antibodies. We suggest that a major 

role of anti-CD25 antibody is blocking CD25 on NK cells, thereby forcing IL-2 signaling 

through CD122, the intermediate receptor. Our data show that in vitro IL-2 can stimulate the 

production of FLT3L by NK cells when CD25 is blocked with antibody. This suggests that 

the intermediate affinity IL-2 receptor of NK cells is a potential therapeutic target.

Although this is the first time we have achieved durable eradication in the MOC2 tumor 

model, these results come with limitations. Both the MOC2 and LY2 tumor models 

are transplanted tumor models, grown first in tissue culture. As Wisdom et al. have 

shown, transplanted models can respond better to RT and checkpoint inhibitor therapies 

than autochthonous tumors (50). Importantly, they note that both primary and implant 

tumors undergo remodeling of the myeloid compartment upon RT suggesting that the DC 

populations we have targeted here would respond similarly in both primary and implanted 

tumors. Additionally, the MOC2 model, although a transplanted model, does not respond 

to checkpoint inhibitors combined with RT making it more difficult to compare the results 

of this past work. Likewise, work from Crittenden et al. have identified a specific role 

for pre-existing immunity in transplant models (51). While this is an important factor to 

consider, again the MOC2 model is an incredibly cold tumor with low T cell infiltration that 

shows no response to RT and checkpoint inhibition. We have demonstrated here that our 

combination therapy is able to increase DC activity, tumor surveillance, and T cell activation 

which would be beneficial to any immunologically cold tumor regardless of pre-existing 

immunity. As a final comment, using these models has allowed us to study the TME in 

the buccal mucosa, which better represents the TME of HNSCC patients, and suggests that 

FLT3L, which has shown promise in clinical trials with melanoma, will translate to HNSCC. 

This is supported by our data from the TCGA showing increased survival in patients with 

higher FLT3/FLT3LG expression, which also resulted in increased T cell receptor signaling 

and antigen presentation/processing.

Other concerns of interest surround the response of tumors with low immune infiltration 

to immunotherapy. Our past work has highlighted the use of radiation to increase immune 

infiltration into HPV negative immunologically cold tumors in mice, (3). Unfortunately 
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translating this into the clinic remains difficult as trials with proper controls is lacking. A 

recent clinical trial involving combination radiation immunotherapy (Nivolumab), although 

reported as a negative trial, revealed that response rates are different between HPV negative 

and HPV positive patients with a response rate higher among HPV negative patients (52). 

However more recent clinical trials such as JAVELIN HN100 have provided negative 

results suggesting combination radioimmunotherapy will provide no additional benefit (53). 

Of note, this trial employed elective nodal irradiation, which could have significantly 

contributed to the blunted immune response. Our past data has shown that the use of 

FTY720 to prevent egression of T cells from lymph nodes removes the effect of combination 

radioimmunotherapy (24). Furthermore, the use of conventional radiation fractionation as 

opposed to hypofractionated SBRT could have contributed to persistent lymphopenia, as 

we have observed (54). Another pre-clinical study revealed that the sequencing of the 

immunotherapy with a single high dose of RT can affect systemic immunity, T cell 

exhaustion, reprogramming, and viability (55). Our observations on the importance of 

antigen presenting cells in T cell priming and expansion revealed that pulsing the RT is 

also important for proper immune activation and tumor eradication (24). Within our models, 

we used two methods of RT, one dose of 10 Gy to treat the LY2 model and fractionated 

dosing of 8 Gy to treat the MOC2. We have previously established that one dose of 10 Gy 

in combination with immunotherapy is sufficient for eradication in the LY2 model, but not 

the MOC2 model in which 5 doses of 8 Gy was required (24). As shown here, in some cases 

3 doses of 8 Gy was sufficient for significant tumor growth delay in the MOC2 model. This 

underscores the importance of the design of preclinical studies in order to better translate 

them into the clinic.

The data presented here and other recent work suggest that suppression of NK cells 

within the TME can cripple the immune response, and that therapeutic activation of these 

populations may provide a method of NK cell-based immunotherapy (56). Our data and 

other findings discussed here will be critical for rational design of clinical trials aimed 

at overcoming resistance to radiation and immunotherapy in T-lymphocyte deficient or 

poorly infiltrated HPV-negative HNSCCs. Adding FLT3L to RT and anti-CD25 therapy 

led to near eradication of buccal MOC2 tumors. These results are promising for efforts to 

treat cancers that were previously unresponsive to combination radioimmunotherapies. Our 

results provide a unique and alternative therapeutic strategy to overcoming resistance to RT 

and NK cell inactivation through immunotherapeutic approaches targeted directly at the NK 

cell-DC axis within the TME.
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Statement of translational relevance

HPV negative head and neck squamous cell carcinoma (HNSCC) are immunologically 

cold tumors that have shown limited response to treatment. Although radiation therapy 

(RT) is a mainstay treatment for this cancer, resistance develops, even in combination 

with immune checkpoint inhibitors. The dendritic cell growth factor FLT3L has shown 

success in treating other cancers and here we detail the important role it plays 

in overcoming resistance to radiation therapy in HNSCC. We show that NK cells’ 

secretion of FLT3L is essential for response to radio-immunotherapy. However, neither 

doublet combination of anti-NKG2A with RT nor FLT3L agonist with RT results in 

tumor growth delay. Depending on the model, overcoming regulatory T cells (Tregs) 

immunosuppressive function with or without dendritic cell agonists, such as anti-CD137, 

is essential to achieve meaningful tumor growth delay or eradication, a response that 

requires NK cells. We identify consumption of IL2 by Tregs, and its blockade with 

antiCD25, as a major mechanism mediating NK cell function, whereby IL-2 stimulates 

NK cells through CD122. In a field where the majority of radio-immunotherapy trials are 

failing, these data stand to provide rational design for educating clinical trial translation 

in HNSCC.
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Figure 1. 
(A) Bulk RNAseq data from MOC2 and LY2 tumors showing the expression levels of Qa-1b 

7 days after RT in the MOC2 model and 10 days after RT in the LY2 model; n=4. (B) Tumor 

volumes in mice bearing MOC2 and Ly2 tumors treated with RT and anti-NKG2A and 

either depleted or not depleted of NK cells; n=7. (C) Flow Cytometric analysis of NK cell 

populations in MOC2 tumors 3 days after RT and anti-NKG2A therapy shown as frequency 

of parent population; n=6. (D) Flow Cytometric analysis of DC populations in MOC2 

tumors and ELISA analysis of FLT3L levels in serum 3 days after RT and anti-NKG2A 

therapy; n=6. (E) Flow Cytometric analysis of effector T cell populations in MOC2 tumors 3 

days after RT and anti-NKG2A therapy; n=6.
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Figure 2. 
(A) Bulk RNAseq analysis of MOC2 tumors showing IL-15, IL-15RA, IL-2, IL-2RA, 

IL-2RB, FLT3L, and FLT3RA production in MOC2 tumors 7 days after RT; n=4. (B) Bulk 

RNAseq analysis of LY2 tumors showing IL-15, IL-15RA, IL-2, IL-2RA, IL-2RB, FLT3L, 

and FLT3RA production in LY2 tumors 10 days after RT; n=4. (C) MOC2 tumor volumes 

of mice treated with RT (8 Gy) on days 9, 18, and 22 with FLT3L HDT therapy starting on 

day 11; n=7. (D) Schematic of MOC2 experiment in C57BL/6 mice depicts days of 8 Gy 

RT (red lightning bolts), beginning of antibody therapy at day 4 (blue arrow), and FLT3L 

therapy at day 18 (i.p. injection daily for 10 days) (green arrow); n=7. (E) MOC2 tumor 

volumes of C57BL/6 mice treated with RT and isotype control (black line), anti-CD137 

and anti-CD25 (blue line), anti-CD137 and anti-CD25 with NK cells depleted (red line), 

and anti-CD137 and anti-CD25 with NK cells depleted plus FLT3L therapy (green line); 

n=7. (F) Schematic of LY2 experiment in BALB/c mice depicts 10 Gy of RT at day 9 (red 
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lightning bolt), beginning of antibody therapy at day 5 (blue arrow), and FLT3L therapy at 

day 10 (Hydrodynamic injection) (green arrow). (G) LY2 tumor volumes of BALB/c mice 

after treatment with RT and isotypes (black line), anti-CD25 (blue line), anti-CD25 with NK 

cells depleted (red line), anti-CD25 with NK cells depleted plus FLT3L HDT therapy (green 

line); n=7. (H) Tumor volumes on days 6, 12, 15, 19 (left panel) and on day 19 (right panel) 
in wild type C57BL/6 (green line) and FLT3L knockout (blue symbols) mice treated twice 

weekly with RT + anti-CD25 + anti-CD137 and 8 Gy buccal irradiation on days 8, 12, and 

15; ****p≤0.0001; n=7.
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Figure 3. 
(A) Flow Cytometric analysis of CD103+ DC populations in MOC2 and LY2 tumors. 

MOC2 tumors were taken 3 days after RT, NK cell depletion, and FLT3L therapy. LY2 

tumors were taken 9 days post RT, anti-CD25, and FLT3L HDT; *p≤0.1 **p≤0.05 n=6. 

(B) Flow Cytometric analysis of CD8 T cell populations in MOC2 tumors 24 days after 

RT and 10 days after the start of FLT3L therapy; *p≤0.1, **p≤0.05; n=5. (C) Schematic of 

experimental procedure for CD4 and CD8 T cell depletion in C57BL/6 mice bearing MOC2 

tumors depicts days of administration of 8 Gy RT (red lightning bolt), beginning of antibody 

therapy (blue arrow), and FLT3L HDT therapy (green arrow). (D) MOC2 Tumor volumes 

of C57BL/6 and RAG−/− mice treated with RT, anti-CD25, anti-CD137, and depleted of 
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NK cells (black line), treated with FLT3L HDT therapy (green line) and depleted of CD4 

T cells (blue line), CD8 T cells (red line), and RAG−/− mice devoid of CD4 and CD8 T 

cells (pink line); n=7. (E) FLT3L and IL-15 levels in serum of T cell-depleted (ELISA); 

n=6. (F) Schematic of experimental procedure involving WT C57BL/6 and BATF3−/− mice 

to be treated with RT, anti-CD25, anti-CD137, depleted of NK cells, and FLT3L HDT 

therapy depicts days of RT (red lightning bolt), beginning of antibody therapy (blue arrow), 

and FLT3L HDT therapy (green arrow). (G) MOC2 tumor volumes of WT C57BL/6 mice 

treated with RT, anti-CD25, and anti-CD137 (black line), NK cell depletion and FLT3L 

HDT therapy (green line), and BATF3−/− mice treated with RT, anti-CD25, anti-CD137, NK 

cell depletion, and FLT3L HDT therapy (blue line); n=7. (H) FLT3L serum levels (ELISA) 

in WT C57BL/6 mice and BATF3−/− mice treated with RT, anti-CD25, anti-CD137, NK cell 

depletion, and FLT3L HDT therapy; N=5. (I) Flow cytometric analysis of CD4 and CD8 

T cell populations in tumors of WT C57BL/6 mice and BATF3−/− mice treated with RT, 

anti-CD137, anti-CD25, NK cell depletion, and FLT3L HDT therapy; n=5.
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Figure 4. 
(A) Flow Cytometric analysis of NK cell populations in MOC2 tumors 3 days after start 

of treatment with 10 Gy RT, anti-CD25, anti-CD137, compared to RT alone.; *p≤0.1, 

**p≤0.05; n=5. (B) FlowSOM clustering of raw flow cytometry of NK cell populations 

in LY2 tumors treated with 10 Gy RT and either isotype antibody or anti-CD25 antibody. 

Tumors were taken 8 days after RT; *p≤0.1, **p≤0.05; n=5. (C) Flow Cytometry of NK 

cells in blood of LY2 tumor-bearing BALB/c mice taken 8 days after 10 Gy RT; *p≤0.1, 

**p≤0.05; n=5. (D) FlowSOM clustering of raw flow cytometry of NK cell populations 

in MOC2 tumors treated with 10 Gy RT and anti-CD137 antibody with and without anti­

CD25 antibody. Tumors were taken 13 days after RT; *p≤0.05; n=5. (E) Flow cytometry 
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of NK cells in blood of MOC2-bearing C57BL/6 mice taken 13 days after 10 gy RT; 

*p≤0.05; n=5. (F) Tumor volumes of MOC2 tumors from DEREG mice treated with 10 

Gy RT, anti-CD137, and diphtheria toxin (DT) (black line) or treated with RT, anti-CD25, 

anti-CD137, and diphtheria toxin (DT) (green line); n=7. (G) Flow cytometry of NK cell 

populations in blood from WT C57BL/6 mice treated with 10 Gy RT, anti-CD25, and 

anti-CD137 and from DEREG mice treated with 10 Gy RT, anti-CD25, anti-CD137, and 

diphtheria toxin (DT); *p≤0.05; n=5. (H) Heatmap depicting the 14 populations of NK cells 

identified by FlowSOM, and the relative expression of markers of those populations in WT 

C57BL/6 mice treated with RT, anti-CD25, and anti-CD137 and in DEREG mice treated 

with RT, anti-CD137, and diphtheria toxin (DT) or treated with 10 Gy RT, anti-CD25, 

anti-CD137, and diphtheria toxin (DT); n=5. (I) Frequency of populations identified by 

FlowSOM in C57BL/6 mice treated with 10 Gy RT, anti-CD25, and anti-CD137 and in 

DEREG mice treated with 10 Gy RT, anti-CD137, and diphtheria toxin (DT) or treated with 

RT, anti-CD25, anti-CD137, and diphtheria toxin (DT); n=5.
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Figure 5. 
(A) Percent killing of MOC2 tumor cells in vitro by NK cells harvested from the spleens 

of C57BL/6 mice by negative selection; n=5. (B) Flow cytometric analysis of in vitro 

NK cell populations; *p≤0.05, **p≤0.01; n=5. (C) Expression of CD122 and IL-2RB on 

NK cells treated in vitro; n=5. (D) Quantitation of IL-2 in the supernatant of isolated NK 

cells stimulated with or without anti-CD25; n=6. (E) Western blot of immunoprecipitated 

CD122 probed with anti-phosphotyrosine. CD122 was immunoprecipitated from NK cells 

isolated from C57BL/6 mice and stimulated with anti-CD25 and IL-2 as indicated. (F) 

Concentrations of IL-2 in serum of C57BL/6 mice; *p≤0.05; n=6. (G) Concentration of 

FLT3L in the supernatant of NK cells stimulated with exogenous IL-2 (ELISA) as indicated; 
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*p≤0.05, ***p≤0.001; n=6. (H) Volumes of MOC2 tumors in mice treated with RT, anti­

CD25, anti-CD137, and FLT3L hydrodynamic delivery; n=7.
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Figure 6. 
(A) Overall survival of patients with high expression of both FLT3LG and FLT3 to 

patients with low expression of FLT3LG/FLT3. (B) Waterfall plot showing KEGG pathways 

upregulated in patients with high expression of both FLT3 and FLT3LG. all pathways 

displayed are top 15 pathways and have calculated adjusted p<0.001 as generated by fgsea. 

(C) Schematic depicting the interaction between NK cells, DCs, and Tregs in the TME and 

the cytokines that govern their interactions. In both the LY2 and MOC2 models NK cells 

are key, as the effect of therapy is removed upon their depletion, and can be rescued by 

FLT3L therapy. NK cells can be stimulated by IL-2, and play a critical role in producing 

FLT3L to activate DCs. DCs, once activated by FLT3L, increase tumor surveillance and T 

cell activation. Tregs play a negative role through IL-2 sequestration.
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