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SUMMARY

Oncogenes destabilize STING in epithelial cell-derived cancer cells, such as head and neck squamous cell
carcinomas (HNSCCs), to promote immune escape. Despite the abundance of tumor-infiltrating myeloid
cells, HNSCC presents notable resistance to STING stimulation. Here, we show how saturated fatty acids
in the microenvironment dampen tumor response to STING stimulation. Using single-cell analysis, we found
that obesity creates an IFN-I-deprived tumor microenvironment with a massive expansion of suppressive
myeloid cell clusters and contraction of effector T cells. Saturated fatty acids, but not unsaturated fatty acids,
potently inhibit the STING-IFN-I pathway in HNSCC cells. Myeloid cells from obesemice show dampened re-
sponses to STING stimulation and are more suppressive of T cell activation. In agreement, obese hosts ex-
hibited increased tumor burden and lower responsiveness to STING agonist. As amechanism, saturated fatty
acids induce the expression ofNLRC3, depletion ofwhich results in a T cell inflamed tumormicroenvironment
and IFN-I-dependent tumor control.

INTRODUCTION

Immune checkpoint blockade (ICB) has recently become the

first-line treatment for multiple types of solid tumors, including

head and neck squamous cell carcinomas (HNSCCs). In contrast

to the decline of overall cancer incidence in the United States,

the cancer burden of HNSCC continues to increase and will

maintain an upward trend until the year 2060.1,2 This is largely

driven by the prevalence of human papillomavirus (HPV)-associ-

ated oropharyngeal squamous cell carcinomas (OPSCC).

OPSCCs have very high mutational burdens and frequently

contain HPV16 viral epitopes, which cannot evade immune

detection through central immune tolerance. However, its

response to ICB is usually below 15%.3,4 This clinical observa-

tion suggests that the immunogenicity of OPSCC is controlled

by mechanisms beyond the presence of immunogenic epitopes.

Understanding the mechanisms underpinning cancer immuno-

genicity is pivotal to developing strategies to sensitize hypoim-

munogenic cancers to immune killing.

Recently, we found that cancer cell-specific expression of an

adaptor molecule for type-I interferon (IFN-I) activation, stimulator

of interferon genes (STING), is a strong positive prognosticator in

HNSCC patients.5 In addition, when HNSCC cells became resis-

tant to effector immune cell-mediated killing, multiple inhibitors

of the STING-IFN-I pathway were upregulated in cancer cells.6

Indeed, the proper activation of IFN-I is essential for the expres-

sion of MHCClass I molecules and antigen presentation.7,8 These

findings suggest that the fitness of STING-mediated innate im-

mune surveillance in the HNSCC tumor microenvironment (TME)

is essential for the detection and control of cancers.
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Figure 1. Obesity exacerbates intra-tumoral hypoxic stress and inhibits effector T cell function

(A) To establish the obesity model, six-week-old female C57BL/6 mice were fed either a normal (11.4% kcal fat) or high-fat (60% kcal fat) diet for twelve weeks

prior to tumor implantation and monitored for weight for the duration of the experiment (n = 16 normal-weight and n = 14 obese mice). Bodyweight differences

between groups were assessed using the generalized estimating equation model (***p < 0.001).

(B) One million MOC2-E6/E7 cancer cells were implanted subcutaneously into the right flank of normal-weight and obese mice and monitored for tumor growth

(n = 16 normal-weight and n = 14 obese mice). Tumors were measured every 2–4 days. Tumor burden between groups was compared using the generalized

estimating equation model (**p < 0.01). Obesity in vivo experiments were performed twice (n = 24 normal-weight and n = 20 obese mice).

(legend continued on next page)
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Priming strategies that aim to reinvigorate innate immune

sensing are being extensively tested in preclinical models, and

many have advanced into phase 1/2 clinical trials to sensitize hy-

poimmunogenic cancers to ICB. For example, radiotherapy has

recently emerged as a promising priming treatment modality for

HNSCC.9–11 Notably, the success of radiotherapy depends on

intact STING signaling with defects in the STING pathway damp-

ening radiotherapy-induced sensitization to immune killing.12,13

HNSCC resistance to the combination of radiotherapy and

immunotherapy has been an emerging pivotal challenge.14

Thus, it is important to identify mechanisms that lead to STING

insufficiency in HNSCC.

Driver oncogenes frequently keep STING activation in check

to facilitate immune escape. For example, HPV16 E7 can facili-

tate the protein turnover of STING by engaging NLRX1-depen-

dent autophagosomes.5 As an independent oncogenic event,

in about 20%of HNSCCs, the amplification of the 3q26.3 genetic

locus is present with the co-amplification of SOX2 and PIK3CA.

Similar to HPV16 E7, SOX2 can also destabilize STING through

autophagy-dependent machinery.6 The consequent IFN-I-

deprived tumors show features of hypoimmunogenicity, such

as resistance to ICB and decreased diversity of T cell recep-

tors.15 Thus, the identification of key checkpoints of STING is

critical to understanding the HNSCC adaptive resistance to

innate immune priming. In addition, intra-HNSCC myeloid cells

are typically devoid of epithelial oncogenes, and the mecha-

nisms shaping their response plasticity to STING stimulation

remain insufficiently characterized.

Metabolic dysregulation has recently emerged as a major un-

derlying condition affecting HNSCC incidence and response to

therapies. The link between obesity and the risks for several types

of gastrointestinal tract, breast, esophageal, and endometrial can-

cers has been extensively studied; however, the impact of obesity

on HNSCC was not well characterized until recently. Evidence

from several large independent cohorts in different continents

suggests that obesity is a previously underappreciated risk factor

for HNSCC. In the NIH-AARP diet and health prospective cohort

involving 218,854 participants and a Spain prospective cohort

involving 3.5 million adults, obesity was a significant risk factor

for HNSCC.16,17 A similar finding was made in a cohort involving

about 6.7 million patients in South Korea.18 Among patients who

were positive for HPV, the risk of OPSCC was increased with

higher body mass index values.19 HNSCC patients, especially

the HPV+ OPSCC population, who took statins to reduce choles-

terol levels showed improved clinical outcomes.20,21 Overall,

these findings suggest that obesity is a significant risk factor for

HNSCC initiation and escape from the immune system.

In this study, we aimed to characterize the molecular mecha-

nism underpinning obesity-potentiated immune escape of

HNSCC. We mapped the anti-tumor immune response in obese

hosts at single-cell resolution and found that obese hosts estab-

lish an IFN-I-deprived tumor microenvironment with significantly

increased HNSCC burden. We and others have shown that

STING agonists exhibit potent therapeutic potential for

HNSCC.6,8,22–24 However, STING agonists lost effectiveness in

obese tumor-bearing hosts. Bone-marrow-derived macro-

phages (BMDMs) and peritoneal macrophages from obese

mice were insensitive to STING stimulation. In agreement, the

myeloid-derived suppressor cells (MDSC) derived from bone

marrow and those from the TME in obese hosts were more sup-

pressive of effector T cell activation. We found that saturated

fatty acids, but not unsaturated fatty acids, inhibited IFN-I

signaling through the upregulation of NLRC3, a recently identi-

fied DNA-binding protein that suppresses the STING pathway.

We further showed that NLRC3 sensed saturated fatty acids

and inhibited HNSCC immunogenicity in an IFN-I signaling-

dependent fashion. Overall, this study describes a molecular

link between obesity and cancer cell escape from innate immune

sensors and identifies a central metabolic pathway that controls

HNSCC immunogenicity.

RESULTS

Obesity exacerbates intra-tumoral hypoxic stress and
inhibits effector T cell function
To understand the effects of obesity on tumor burden and the

TME, we first established an obese mouse model by feeding

four- to six-week-old C57BL/6 female mice either a normal

chow diet (consisting of 11.4% kcal fat content) or a 60% kcal

high-fat diet for twelve weeks,25 and monitored mouse weights

weekly (Figure 1A). After twelve weeks, we used the MOC2-E6/

E7 syngeneic HNSCC tumor model, which does not respond

to ICB monotherapies.5,6 One million MOC2-E6/E7 cells were

implanted subcutaneously into the right flank of mice fed either

normal chow or a high-fat diet and monitored for tumor burden

starting one week following implantation. We found that obese

mice displayed a significantly higher tumor burden in relation

to normal control mice (Figure 1B). Hypoxia is a key feature of

the HNSCC TME, which shows a median partial pressure of ox-

ygen (pO2) of 9 mmHg, in contrast with a pO2 of 40–60 mmHg in

the paired normal tissue.26 Hypoxia drives autophagy to switch

the dominant metabolism from oxidative phosphorylation to

glycolysis.27–30 We resected tumors from control and obese

hosts and homogenized tissue for qPCR analysis of the glycol-

ysis pathway markers. We found the tumors from obese mice

displayed even higher levels of Hif1a, Glut1, Hk1, and Pdk1 (Fig-

ure 1C). It has been previously shown that effector T cell function

requires sufficient extracellular glucose support to sustain rapid

(C) Total RNA was isolated from one representative set of whole excised tumors. The transcripts of the glycolysis pathway intermediates Glut1, Hk1, Pdk1, and

Hif1a were quantified via qPCR (n = 8 normal-weight mice; n = 6 obese mice). Values represent mean ± SEM of three technical replicates per tumor. All com-

parisons between two groups were made using a two-tailed unpaired t test (*p < 0.05 and ****p < 0.0001).

(D–G) Tumor-infiltrating lymphocytes from one representative set of experiments were analyzed by flow cytometry. The gating strategy was as follows: lym-

phocytes, singlets, live cells (Zombie Aqua negative), CD45+, TCRb+, and CD4+. The frequencies of IFNg+CD4+ and PD-1+CD4+ T cells were analyzed by flow

cytometry (n = 8 normal-weight mice; n = 6 obese mice). All comparisons between two groups were made using a two-tailed unpaired t test (**p < 0.01).

(H and I) Tumor-infiltrating CD8+ T cells were analyzed using flow cytometry (n = 7 leanmice; n = 6 obesemice). Comparisons between the two groupsweremade

using a two-tailed unpaired t test (**p < 0.01).
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genome replication, cytokine synthesis, and cytotoxic cargo de-

livery, and that a lack of metabolic support results in T cell

exhaustion.31–35 As the tumors from obese hosts were even

more glycolytic, we assessed the effector function of tumor-infil-

trating lymphocytes (TILs). We purified TILs using the Ficoll-

Paque gradient and stimulated them with PMA/ionomycin. We

found that tumors from obese hosts contained fewer IFN-

g+CD4+ T cells (Figures 1D and 1E). Our prior study using human

HNSCC tissue suggests that PD-1+ T cells are activated effec-

tors.36,37 We found that tumors from obese mice also contained

fewer PD-1+CD4+ T cells (Figures 1F and 1G). In agreement, the

overall frequency of CD8+ T cells was significantly lower in

tumors grown in obese mice (Figures 1H and 1I).

Obesity establishes an intra-tumoral immune landscape
that dampens Th1 polarization
The generation of effector T cells is the culmination of a series of

immunological reactions starting from the activation of antigen-

presenting cells. To characterize obesity-associated TME alter-

ation at a high resolution, we harvested five tumors from the con-

trol diet group and five tumors from the high-fat diet group. After

we sorted out live CD45+ immune cells from the tumor single-cell

suspension, we mixed about an equal number of immune cells

from each tumor sample together to ensure a balanced repre-

sentation. The two pools of TILs were then subjected to single-

cell RNA sequencing (scRNA-seq). After filtering, we integrated

5,154 high-quality transcriptomes and identified 20 distinct cell

clusters (Figure 2A). Most of the TILs in the MOC2-E6/E7 model

consisted of four suppressive myeloid cell subsets with comple-

mentary features. The first suppressive myeloid subset included

clusters 1, 2, 4, 5, and 7. These MDSCs expressed high levels of

Ly6g and PD-L1. The second subset, cluster 14, consisted of

granulocytic MDSCs with high expression levels of Cox2. The

third myeloid cell subset consisted of clusters 3 and 10 and

was defined by high expression levels of CD206 and Arginase

1 (Arg1). The fourth suppressive myeloid cell subset cluster 17

expressed high levels of Tgfb1 but low levels of PD-L1. In addi-

tion, there were two myeloid cell subsets that were maintained

by IFN-I signaling. The first subset was cluster 6 with high

expression levels of Sting, CD40, CD86, and IFN-I target genes,

such as Cxcl9, Cxcl10, Isg15, and Mx1. The other subset was

conventional dendritic cell type 1 (cDC1), which included clus-

ters 12 and 18. There were only a limited pool of T cells (clusters

11, 13, and 19), consistent with the hypoimmunogenic nature of

this model. Each cluster was associated with a distinct transcrip-

tional profile (Figure 2B, Table S1).

Next, we examined the relative percentage of the myeloid and

lymphoid compartments. High-fat-diet-induced obesity trig-

gered myeloid compartment expansion and lymphoid clusters

contraction in the TME (Figures 2C and 2D). Specifically, we

found that the activatedmyeloid cells with high expression levels

of Sting and IFN-I signatures were reduced by 66.1% in tumor-

associated myeloid cells (TAMs) from obese mice, representing

a reduction of 11.9% of total infiltrating immune cells in the reg-

ular diet group to 4.0% in the high-fat diet group (Figure 2E). In

contrast, there was a 50.8% increase in CD206+Arg1+ TAMs

(cluster 3), a 48.7% increase in Cox2+ granulocyticMDSCs (clus-

ter 14), and a 20% contraction of an IFN-I-maintained cDC1 sub-

set (cluster 18) in TILs from obese mice. Ki67�T-bet+ effector

T cells (cluster 11) and Ki67+T-bet+ effector T cells (cluster 19)

were reduced by 37.8% and 34.5% in the TILs from obese hosts,

respectively (Figure 2E). To better assess the effector functional

state of intra-tumoral T cells, we first compared the expression of

T-bet, a master transcription factor for Th1 development. Intra-

tumoral T cells from obese hosts expressed lower levels of

T-bet. The median expression levels of Gmzb and Ifng in

T cells isolated from tumors in obese mice were 25.1% and

50.1% of those in the TILs from lean hosts. In contrast, the levels

of Th2 cytokines, such as Il4 and IL10, in T cells from TILs in

obese mice were higher (Figure 2F).

Saturated fatty acids, but not unsaturated fatty acids,
dampen STING-mediated immune activation
As our immune profiling of HNSCC from normal and obese mice

suggests that obesity leads to an IFN-I-deprived phenotype, we

next sought to investigate the mechanism of obesity-mediated

Th1 suppression. Palmitate, an ester of palmitic acid, is used

to model the effects of obesity.38–40 Palmitate accounted for

61% of the total saturated fatty acids in the high-fat diet. To

examine both cancer cell and immune cell responsiveness to

saturated fatty acids, we pretreated both MOC2-E6/E7 cells

and BMDMs with either carrier alone, i.e., 10% bovine serum al-

bumin (BSA), or 200 mM palmitate-BSA for 24 h, as previously

described40,41 for 24 h. We previously showed that MOC2-E6/

E7 cancer cells express HPV16 E7, which promotes the turnover

of STING, and are inert to STING agonists, cyclic dinucleotides

(CDNs) and that STING protein needs to be expressed to bypass

intrinsic cancer suppression of this pathway.5,6 Indeed, the rela-

tive expression of STING levels was much lower in MOC2-E6/E7

cells than BMDMs (Figure S1A). Thus, we transfected 1.0 mg/mL

STING expression plasmid in MOC2-E6/E7 cells 16 h prior to

qPCR analysis of the IFN-I gene signatures including Ifnb1,

Figure 2. Obesity establishes an intra-tumoral immune landscape that dampens Th1 polarization

(A) Tumors from normal-weight and obesemice were harvested at day 21 after implantation. CD45+ tumor-infiltrating immune cells were FACS sorted and pooled

(n = 5 mice/condition) and subjected to single-cell RNA sequencing. After filtering, 5,154 high-quality transcriptomes were integrated for UMAP analysis.

Divergent myeloid, lymphoid, and epithelial lineages were defined by the top 2,025 genes with the highest cell-to-cell variation.

(B) Clusters displayed from (A) showed distinct gene expression patterns.

(C) The size of myeloid and lymphoid compartments in TILs separated from lean and obese hosts are shown.

(D) The absolute size (left) and relative percentage of each cluster (right) in TILs separated from lean and obese mice are shown.

(E) The frequencies of cluster 6 (STING+ myeloid cells), cluster 3 (CD206+Arg1+ M2-like macrophages), and cluster 14 (Cox2+ granulocytic MDSCs), as well as

clusters 11 and 19 (Tbet+ T cells) are shown for TILs separated from lean control and obese mice.

(F) The expression levels (Log) of Tbet, Gzmb, Ifng, Il4, and Il10 were compared between T cells (clusters 11, 13, and 19) in TILs separated from lean control and

obese mice using the R-package stats (*p < 0.05, **p < 0.01, ****p < 0.0001).
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Cxcl10, andMx1. We found that STING expression induced high

levels of transcription of Ifnb1 and its target genes Cxcl10 and

Mx1, as expected. Palmitate nearly abrogated STING-mediated

cytokines transcription (Figure 3A). To substantiate the finding,

we performed ELISA of the supernatant and found that palmitate

significantly inhibited STING-induced IFN-b production (Fig-

ure 3B). Intra-HNSCC TAMs do not suffer from epithelial onco-

genes-mediated STING suppression. Thus, we then generated

BMDMs to test the effect of palmitate on CDNs-induced immune

activation. We transfected BMDMs with 1.0 mg/mL cyclic di-

GMP-AMP (cGAMP) and incubated for 16 h. Consistent with

our findings in tumor cells, palmitate significantly inhibited

cGAMP-induced gene transcription and nearly abrogated IFN-

b protein production, as measured by qPCR and ELISA, respec-

tively (Figures 3C and 3D). To characterize STING signaling, we

performed immunoblots using lysates from treated MOC2-E6/

E7 cells and BMDMs. We found that palmitate reduced the hall-

marks of STING activation, including the phosphorylation of

TBK1, IRF3, and STING (Figure 3E). To assess whether this

link is unique to palmitate, we also treated MOC2-E6/E7 cells

and BMDMs with 200 mM myristate, which is another common

form of saturated fatty acids in the experimental high-fat diet.

Then, we expressed STING in MOC2-E6/E7 cells and treated

BMDMswith cGAMP to induce STING signaling.Myristate expo-

sure suppressed the phosphorylation of Tbk1, Sting, and Irf3,

similar to palmitate incubation (Figures S1B and S1C).

To assess the specificity of saturated fatty acid-mediated sup-

pression of the STING-IFN-I pathway, we tested whether unsat-

urated fatty acids can also regulate this pathway. Palmitoleic

acid is a monounsaturated u-7 fatty acid. It is one of the most

common unsaturated fatty acids in the experimental high-fat

diet and adipose tissue. As with palmitate, we treated MOC2-

E6/E7 cells with BSA alone or 200 mM palmitoleate-BSA for 24

h, followed by transfection of 1.0 mg/mL STING expression

plasmid. Palmitoleate incubation had no effect on STING-medi-

ated IFN-I signaling (Figure 3F). We also incubated BMDMs with

200 mM palmitoleate for 24 h and transfected cells with

2.0 mg/mL STING agonist. Palmitoleate did not reduce the phos-

phorylation of Tbk1, Sting, and Irf3 (Figure 3F). Then, we sought

to determine whether this observation could be extrapolated into

other unsaturated fatty acids. Oleic acid is a monounsaturated

u-9 fatty acid found in various dietary sources. As with palmitate,

we treated MOC2-E6/E7 cells with carrier alone or 200 mM

oleate-BSA for 24 h, followed by transfection of 1.0 mg/mL

STING expression plasmid. We found that oleate did not affect

STING-mediated IFN-I response (Figure S1D). Similarly, we incu-

bated BMDMs with 200 mM oleate for 24 h and then transfected

cells with 1.0 mg/mL cGAMP. Oleate did notmodulate themagni-

tude of CDN-mediated immune activation (Figure S1E).

Although STING-inducing therapies have entered clinical tri-

als, as either a single agent or a priming agent for ICB, it remains

unclear whether underlying conditions, such as obesity, affect

cancer response. Thus, we tested the effectiveness of a modi-

fied cGAMP, 2030-cGAM(PS)2, in our established HNSCC obesity

model. 2030-cGAM(PS)2 was engineered to contain stereoiso-

mers of phosphorothioate diester linkages, which are resistant

to the hydrolysis activities of ENPP1. 2030-cGAM(PS)2 has shown

significantly improved anti-tumor activity in vivo.42 Mice were fed

either a regular chow diet (consisting of 11.4% kcal fat content)

or a 60% kcal high-fat diet for twelve weeks prior to implantation

of MOC2-E6/E7 tumor cells. Then, we treated mice intratumor-

ally (i.t.) with either PBS or 2.5 mg 2030-cGAM(PS)2 seven days

post-implantation, once per week for three weeks. In agreement

with previous reports, intra-tumoral injection of 2030-cGAM(PS)2
reduced tumor burden in mice on the regular diet. Six of seven

mice showed a response. The therapeutic effectiveness was

reduced significantly in tumor-bearing obese mice (Figure 3G).

Collectively, these data suggest that saturated fatty acids, but

not unsaturated fatty acids, have a profound negative impact

on the activation of the STING-IFN-I pathway and that obesity

negatively affects the therapeutic effectiveness of CDNs in vivo.

Myeloid cells from obese hosts were insensitive to
STING stimulation and were more suppressive to T cell
activation
So far, we have shown that obesity expands the quantity of

TAMs and saturated fatty acids dampen the STING response

in normal myeloid cells in vitro. Next, we sought to characterize

the quality of TAMs and myeloid cells separated from obese

mice. The experimental high-fat diet model has known sexual

dimorphism.43 To make sure our observed tumor burden differ-

ence is consistent between both sexes, we established a lean

and obese male mice model using the same method described

above. Mouse weights were monitored longitudinally for more

than 100 days and the high-fat diet group showed significantly

more weight gain during the observation window (Figure 4A). In

Figure 3. Saturated fatty acids, but not unsaturated fatty acids, dampen STING-mediated immune activation
(A and B) MOC2-E6/E7 cells were pretreated with mock (BSA only) or 200 mM palmitate-BSA for 24 h then transfected with 1.0 mg/mL mouse Sting expression

plasmid for 16 h. (A) RNAwas isolated and expression of murine Ifnb1,Cxcl10, andMx1was assessed via qPCR. The experiment was repeated twice, and values

represent mean ± SEM of six biological replicates per sample. (B) Supernatant was collected and assessed for the presence of IFN-b via ELISA. Values represent

mean ± SEM of three technical replicates per sample. All comparisons were made using one-way ANOVA (**p < 0.01; ***p < 0.001; ****p < 0.0001).

(C and D) Bonemarrow-derivedmacrophages (BMDMs) were pretreated with mock (BSA only) or 200 mMpalmitate-BSA for 24 h then transfected with 1.0 mg/mL

2030-cGAMP for 16 h. (C) RNA was isolated and expression of murine Ifnb1, Cxcl10, and Mx1 was assessed via qPCR. Values represent mean ± SEM of three

biological replicates per sample. (D) Supernatant was collected and assessed for the presence of IFN-b via ELISA. Values represent mean ± SEM of three

technical replicates per sample. All comparisons were made using one-way ANOVA (*p < 0.05; ****p < 0.0001).

(E and F)MOC2-E6/E7 cells andBMDMswere primedwith BSA only, 200 mMpalmitate-BSA (E), or 200 mMpalmitoleate-BSA (F) for 24 h and then transfectedwith

the indicated STING agonists, 1.0 mg/mL mouse Sting, 1.0 mg/mL 2030-cGAMP, or 2.0 mg/mL ISD for 16 h. Cell lysates were subjected to SDS-PAGE for the

indicated markers.

(G) OnemillionMOC2-E6/E7 cancer cells were implanted subcutaneously into the right flank of normal-weight or obesemice 12weeks post-high-fat diet feeding.

One week later, either mock (PBS, 100 mL) or 2.5 mg 2030-cGAM(PS)2 (Rp/Sp) was administered to mice i.t. once per week for 3 weeks. Tumors were measured

every 2–4 days starting day 7 post-implantation. Tumor growth curves are compared among the groups (*p = 0.01, n.s. p > 0.05).
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addition, the mice from the high-fat diet group showed signifi-

cantly elevated cholesterol levels in the serum (Figure 4B). Livers

were harvested from mice in the lean and obese groups and

stained with a lysochrome, oil red O, to quantitate fat deposition.

As expected, there was significantlymore fat accumulation in the

livers of obese mice, further validating the model (Figure S2).

Twelve weeks post-high-fat diet treatment, we implanted

MOC2-E6/E7 tumors and found that obese mice suffered from

a significantly higher tumor burden, consistent with the female

mouse model (Figures 4C and 4D). To ensure that there is also

increased fatty acid biosynthesis in the TME, we resected tu-

mors and quantitated the levels of ATP citrate synthase (Acly)

at both transcription and protein levels. We found that tumors

from obese mice expressed higher levels of Acly (Figure 4E). In

agreement, both tumor cells and infiltrating immune cells sho-

wed stronger Acly staining (Figure 4F), suggestive of elevated

fatty acids synthesis in the TME of obese mice.

To better characterize the functional alteration of myeloid cells

from obese hosts, we first generated BMDMs frombonemarrows

isolated from tumor-bearing lean and obesemice.We transfected

the BMDMs with 2.0 mg/mL cGAMP and measured the levels of

secreted IFN-b and tumor necrosis factor (TNF)-a in the superna-

tant by ELISA. The BMDMs from obesemice showed significantly

lower levels of IFN-b and TNF-a, in response to cGAMP (Fig-

ure 4G). To further corroborate the findings, we transfected

BMDMs from lean and obese mice with another STING agonist,

3.0 mg/mL interferon stimulatory DNA (ISD). BMDMs from obese

mice showed significantly reduced transcription of IFN-I signa-

tures, including Ifnb1, pan-Ifna, Cxcl10, Isg15, Isg54, and Mx1

(Figure S3A). In agreement, we found that BMDMs from obese

mice produced significantly lower levels of IFN-b and TNF-a (Fig-

ure 4H). During the one-week differentiation period to generate

BMDMs, the cells from the obese group were not exposed to

any additional saturated fatty acids. To ensure direct physiological

relevance, we also separated peritoneal macrophages from tu-

mor-bearing lean and obese mice. We first transfected them

with 2.0 mg/mL cGAMP and found an even more dramatic

reduction in STING-induced IFN-b secretion fromperitoneal mac-

rophages in the obese group (Figure 4I, left panel). Similarly, the

peritoneal macrophages from obese mice were less capable of

producing TNF-a, in response to cGAMP (Figure 4I, right panel).

Then, we transfected the peritoneal macrophages from lean and

obese mice with 3.0 mg/mL ISD and recapitulated our findings

with BMDMs (Figure 4J). Interestingly, obesity-associated

myeloid cell insensitivity was specific to STING stimulation.

Next, we transfected BMDMs and peritoneal macrophages iso-

lated from tumor-bearing lean and obese mice with 1.0 mg/mL

50ppp-dsRNA, which specifically activates MAVS- but not

STING-mediated IFN-I production, and incubated for 16 h. We

did not see a difference between the cells from lean and obese

mice (Figure S3B).

Finding that myeloid cells from obese mice are insensitive to

STING stimulation, we next sought to characterize the functional

profiles of MDSCs, which were expanded in the TME from obese

hosts. Using a previously described protocol,44 we generated

bone marrow-derived MDSCs (BM-MDSCs) by culturing bone

marrow cells for four days with 200 U/mL GM-CSF. This treat-

ment licensed cells into monocytes predisposed to suppression.

Monocytes were then activated using a combination of

0.1 mg/mL lipopolysaccharide (LPS) and 100 U/mL IFN-g for 16

h. BM-MDSCs were purified by fluorescence-activated cell sort-

ing (FACS) of live CD11b+Ly6g+ cells. We separated CD8+ T cells

from the spleens of age-matched C56BL/6J mice, which were

then labeled with 5.0 mM CFSE. BM-MDSCs were co-cultured

with CD8+ T cells at 2:1, 4:1, and 8:1 ratios and treated with

anti-CD3/CD28 beads. Following a four-day co-culture, a very

high number of BM-MDSCs (2:1) ratio from either group can

repress CD8+ T cell proliferation, with the BM-MDSCs from

obese mice being more suppressive (Figure 4K, left panel). The

BM-MDSCs from obese mice also showed more suppressive

activity than those separated from lean mice when co-cultured

with CD8+ T cells at 4:1 and 8:1 ratios. To validate this finding,

we FACS sorted MDSCs from the tumors grown in lean and

obese mice (TME-MDSC) and co-cultured them with purified

Figure 4. Myeloid cells from obese hosts were insensitive to STING stimulation and were more suppressive of T cell activation

(A) Six-week-old male C57BL/6 mice were fed either a normal (11.4% kcal fat) or high-fat (60% kcal fat) diet for twelve weeks prior to tumor implantation. Body

weights were monitored for >100 days (n = 12 in regular diet group and n = 12 in high-fat diet group). Body weight differences between groups were assessed

using the generalized estimating equation model (**p < 0.001).

(B) Serum samples were collected from both groups and free cholesterol levels measured (*p < 0.05).

(C) One million MOC2-E6/E7 cancer cells were then implanted subcutaneously into the right flank of the mice. Tumor size was measured every 2–4 days. Tumor

burden between groups was compared using the generalized estimating equation model (*p < 0.01).

(D) Tumors were harvested and weighed (**p < 0.01).

(E) Total RNA was isolated from excised pieces of tumors. The transcripts of Aclywere quantified via qPCR (n = 6 lean mice; n = 6 obese mice). Values represent

mean ± SEM of three technical replicates per tumor (*p < 0.05).

(F) Immunohistochemistry (IHC) was performed to assess the protein levels of Acly in tumors grown in lean and obesemice. IHCwas scored by ImageJ. Scale bar,

200 mm. Values represent mean ±SEMof four representative staining per group. The comparison between the two groups wasmade using a two-tailed unpaired t

test (**p < 0.01).

(G–J) BMDMs (G andH) and peritoneal macrophages (I and J) from lean and obesemice were transfectedwith 2.0 mg/mL cGAMP or 3.0 mg/mL ISD and incubated

for 16 h. The supernatants were collected from each group and assessed for the protein levels of secreted IFN-b and TNF-a using ELISA. Values representmean ±

SEM of three technical replicates per sample. The experiment was repeated to confirm all findings. Comparisons were made using two-way ANOVA, followed by

multi-comparison tests (*p < 0.05, **p < 0.01, ****p < 0.0001).

(K) BM-MDSCs from lean (n = 4) and obese (n = 4) mice were cultured in 200 U/mL GM-CSFmedia for 4 days and then activated using 0.1 mg/mL LPS and 100 U/

mL IFN-g for 16 h. CFSE-labeled CD8+ T cells were co-cultured with BM-MDSCs for 4 days and then analyzed by flow cytometry for proliferating CFSE+CD8+

T cells.

(L) TME-MDSCs were isolated from lean (n = 5) and obese (n = 6) tumor-bearing mice using FACS of CD11b+Ly6G+ cells. TME-MDSCs were co-cultured with

CSFE-labeled CD8+ T cells for 4 days and then analyzed by flow cytometry for proliferating CFSE+CD8+ T cells.
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CD8+ T cells at a 4:1 ratio. We found that the TME-MDSCs from

tumors grown in obese mice were much more suppressive than

those from the tumors grown in lean mice (Figure 4L).

Saturated fatty acids induce the expression of NLRC3 to
antagonize STING signaling
To identify a molecular link that underpins saturated fatty acids-

potentiated suppression of the STING-IFN-I response, we exam-

ined a panel of nucleotide-binding, leucine-rich repeats-contain-

ing (NLR) genes, which have emerged as central regulators of

innate immune response and metabolism.45–47 We extracted

RNA from homogenized tumors from control and obese

mice and assessed two pro-inflammatory Nlr genes (Nlrp3 and

Nod2) and three anti-inflammatory regulator Nlr genes (Nlrp12,

Nlrx1, and Nlrc3). These Nlr genes were selected because of their

reported roles in regulating IFN-I production,48–52 which is damp-

ened by saturated fatty acids. We found that Nlrc3 was the only

gene in this panel that was significantly upregulated in obese tu-

mors (Figure 5A). To confirm this finding, we first stained the

tumors grown in lean and obesemicewith an anti-Nlrc3 antibody.

We found that cancer cell-specific Nlrc3 expression was signifi-

cantly elevated in the obese group (Figure 5B). Then, we also as-

sessed the expression levels of Nlrc3 in TAMs. We analyzed the

single-cell dataset presented in Figure 2 and found that Nlrc3

expression levels were significantly higher in the TAMs from tu-

mors grown in obese hosts, including cluster 3 (CD206+Arg1+),

cluster 7 (PD-L1+), cluster 14 (Cox2+), and cluster 17 (Tgfb1+) (Fig-

ure 5C). These findings suggest that obesity upregulated the

expression levels ofNlrc3 in bothcancer cells and TAMs.Because

the STING-suppressive role of NLRC3 in myeloid cells has been

reported,53 here we focus on whether NLRC3 senses saturated

fatty acids and dampens IFN-I production in cancer cells.We per-

formed reciprocal co-immunoprecipitation using HA-tagged

NLRC3 and FLAG-tagged STING in PCI13, FaDu, and

UMSCC22A cells. NLRC3 strongly interacted with STING in

HNSCC cells under stringent buffer conditions (Figures 5D, 5E,

andS4A), inagreementwithpreviousfindings inHEK-293Tcells.52

Then, we generated NLRC3-deficient human HNSCC cells using

CRISPR-Cas9 lentiviruses. Due to frequent intrinsic inhibition of

the STING-IFN-I pathway, we found that human HNSCC cells

often fail to respond to the physiologic ligand of STING, CDNs.5

Thus, we tested two additional approaches that can activate the

STING pathway. We first transfected empty vector (EV) control

and NLRC3-deficient PCI-13 cells with 1.0 mg/mL STING expres-

sion plasmid or 1.0 mg/mL poly(dA:dT) 16 h prior to RNA harvest-

ing. We found that NLRC3 loss led to significantly increased

expression of the STING-mediated IFN-I gene signatures ISG15,

MX1, and ISG54 (Figures 5F–5H and S4B). Similarly, we used

the same approach to repress NLRC3 expression in FaDu cells.

A defect in NLRC3 enhanced STING- and poly(dA:dT)-induced

immune activation (Figures 5I–5K and S4B).

To model the impact of NLRC3 on HNSCC immunogenicity,

we then knocked down Nlrc3 in MOC2-E6/E7 cells, confirmed

by qPCR and immunoblots (Figures 6A and 6B). An alamarBlue

assay showed that there were no differences in growth rates be-

tween the EV- and Nlrc3-deficient tumor cells (Figure 6C). To

substantiate the link between saturated fatty acids sensing and

Nlrc3-mediated suppression of the STING pathway, we first

treated MOC2-E6/E7 cells with either carrier BSA or 200 mM

palmitate-BSA. We found that palmitate significantly increased

the expression levels of Nlrc3 (Figures 6D and 6E). Then, we

transfected EV- and Nlrc3-deficient tumor cells with either

1.0 mg/mL STING expression plasmid or 1.0 mg/mL poly(dA:dT)

for 16 h. Nlrc3-deficient cells exhibited significantly increased

expression levels of Ifnb1, Cxcl9, Cxcl10, and Mx1 from both

STING-transfected samples (Figure 6F) as well as samples

treated with poly(dA:dT) (Figure 6G). Last, we characterized the

impact of Nlrc3 on STING signaling by immunoblots. We found

that a defect in Nlrc3 resulted in much higher levels of the

signaling hallmarks of STING activation, including the phos-

pho-Tbk1 and phospho-Irf3, in response to either STING expres-

sion or poly(dA:dT) transfection (Figures 6H and 6I).

Nlrc3 inhibits HNSCC immunogenicity in an IFN-I-
dependent fashion
To assess whether Nlrc3 regulates the immunogenicity of

HNSCC, we first implanted one million EV- or shNlrc3-MOC2-

E6/E7 cancer cells subcutaneously in normal C57BL/6 mice.

Figure 5. Saturated fatty acids induce the expression of NLRC3 to antagonize STING signaling in human HNSCC cells

(A) Total RNAwas isolated fromwhole excised tumors to quantify themRNA expression levels ofNlrp3,Nod2,Nlrp12,Nlrx1, andNlrc3 (n = 8 normal-weight mice;

n = 6 obese mice). Values represent mean ± SEM of three technical replicates per tumor. All comparisons between the two groups were made using a two-tailed

unpaired t test (n.s. p > 0.05; *p < 0.05).

(B) Tumors from obese and leanmicewere harvested for H&E andNLRC3 IHC staining. Representative H&E and IHC staining patterns are shown. NLRC3 staining

intensity was quantitated using ImageJ. Scale bar, 200 mm. Values represent mean ± SEM of four representative staining per group. The comparison between the

two groups was made using a two-tailed unpaired t test (*p < 0.05).

(C) The expression levels of Nlrc3 (Log) in tumor-associated myeloid cells, including clusters 3, 7, 14, and 17, were compared between lean and obese mice.

(*p < 0.05, ***p < 0.001, ****p < 0.0001).

(D and E) Human HNSCC cell lines PCI-13 and FaDu were transfected with 1.0 mg/mL humanHA-NLRC3 and FLAG-STING plasmids. STING andNLRC3 proteins

were pulled down using anti-FLAG M2 affinity gel and anti-HA agarose, respectively. Immunoblots were performed for the indicated proteins.

(F) PCI-13 cells were transduced with empty vector (EV) or NLRC3-targeted CRISPR-Cas9 lentiviruses. Stable cell lines were generated via puromycin selection.

Immunoblots and qPCRwere used to confirm the knockout efficiency. Comparison between the two groups was made using a two-tailed unpaired t test (*p < 0.05).

(G and H) EV and NLRC3�/� PCI-13 cells were transfected with either 1.0 mg/mL human STING expression plasmid (G) or 1.0 mg/mL poly(dA:dT) (H) for 16 h. The

mRNA levels of human ISG15 and MX1 were assessed via qPCR. Values represent mean ± SEM of three biological replicates per sample.

(I and J) FaDu cells were transduced with EV or NLRC3-targeted CRISPR-Cas9 lentiviruses. Stable cell lines were generated via puromycin selection. Proteins

and total RNA from cells were isolated and the knockout efficiency of NLRC3 quantified via immunoblots and qPCR, respectively. EV and NLRC3�/� FaDu cells

were transfected with either 1.0 mg/mL human STING expression plasmid (J) or 1.0 mg/mL poly(dA:dT) (K) for 16 h. The expression levels of human ISG15 andMX1

were assessed via qPCR. Values represent mean ± SEM of three biological replicates per sample. Data represent two experiments. Comparisons were made

using one-way ANOVA followed by multi-comparison tests (**p < 0.01; ****p < 0.0001).
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Figure 6. NLRC3 inhibits the STING-IFN-I pathway in murine HNSCC cells

(A and B) MOC2-E6/E7 was transduced with an empty vector (EV) orNlrc3-targeting short hairpin RNA lentiviruses. Stable cell lines were generated via enhanced

puromycin selection. Knockdown efficiency was confirmed via qPCR (A) and immunoblots (B). Comparisons between the two groups were made using a two-

tailed unpaired t test (***p < 0.001).
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We monitored tumor burden and found that a cancer-cell

intrinsic loss of Nlrc3 resulted in significantly delayed tumor

growth (Figure 7A). To assess whether the observed tumor rejec-

tion in theNlrc3-deficient tumors was immune-mediated, we im-

planted EV control and Nlrc3-deficient MOC2-E6/E7 cells into

Rag1�/� mice, which were devoid of mature T cells and B cells.

We found that the lack of adaptive immunity completely rescued

the phenotype, with no differences found between the two

groups (Figure 7B). Then, we implanted the control and Nlrc3-

deficient tumors in Ifnar1�/� mice, which lacked the expression

of the receptor for IFN-I. Similar to the Rag1�/� hosts, few differ-

ences in tumor burden were found between the two groups (Fig-

ure 7C). These experiments suggest that cancer-cell intrinsic

Nlrc3-mediates HNSCC immunogenicity in an IFN-I-dependent

fashion. Next, we homogenized tumor tissue from EV- and

Nlrc3-deficient MOC2-E6/E7-bearing C57BL/6 mice and as-

sessed for the expression levels of Th1 cytokines associated

with T cell recruitment and activation. We found that the expres-

sion levels of Cxcl9, Cxcl10, Tnf, and Ifng were significantly

enhanced in Nlrc3-deficient tumors (Figure 7D). We enriched

TILs through Ficoll-Paque gradient centrifugation and found

that cancer-cell intrinsic loss of Nlrc3 resulted in the increased

frequencies of overall T cells, gd T cells, and CD8+PD-1low

T cells, whichwe previously found to exhibit more robust effector

functions (Figures 7E–7G).37 As saturated fatty acids induced the

expression of Nlrc3 in cancer cells, serving as a possible link to

suppress cancer immunogenicity, we next implanted Nlrc3-defi-

cient tumor cells into mice that were fed with regular chow or a

60% kcal high-fat diet for twelve weeks. High-fat diet induced

significant body weight gain, as expected (Figure S4C). The dif-

ference in tumor burden that we observed between lean and

obese mice using wild-type tumor cells was completely rescued

(Figures S4D and S4E), suggesting that cancer-specific Nlrc3

expression is a key link underpinning obesity-potentiated sup-

pression of HNSCC immunogenicity.

DISCUSSION

The discovery of checkpoints of the adaptive immune system

revolutionized cancer therapy by improving the effector func-

tions of intra-tumoral T cells. With the ICB therapies targeting

T cells being brought up to the first-line setting, it has become

clear that themajority of tumors feature suppression of the innate

immune sensing system, which leads to an insufficient pool of

intra-tumoral antigen-specific T cells for developing an optimal

response. Thus, the identification of cancer checkpoints

involving the innate immune sensing pathways is essential to

designing new innate immune priming strategies and expanding

the pool of responders to immunotherapy.

Recent studies have suggested that multiple priming ap-

proaches exacerbate tumor DNA damage and engage the

STING-IFN-I pathway for the remodeling of TME. For example,

the inhibitors of DNA damage repair activate the STING-IFN-I

pathway and sensitize cold cancers to ICB.54,55 External beam

radiotherapy and targeted radionuclide therapy can also both

activate STING-dependent IFN-I signaling to effectively prime

cold cancers.56 In fact, the efficacy of radiotherapy is largely

lost in STING-deficient hosts.13 An epigenetic remodeling agent

targeting a histone H3 lysine 9 trimethylation demethylase,

KDM4A, sensitizes cold HNSCC to ICB by inducing replication

stress-induced STING activation.57 In addition, cancer-specific

expression of STING is positively associated with patient out-

comes in two independent clinical cohorts of HNSCC.5 Thus,

the maintenance of cancer cell ‘‘STING fitness’’ underpins the

immunogenicity of HNSCC.

Although oncogene-driven suppression of the STING-IFN-I

pathway has been identified, it remains unclear whether meta-

bolic comorbidities contribute to the editing of cancer immuno-

genicity. Multiple large independent prospective cohorts have

recently presented an underappreciated link between obesity

and the development of HNSCC,16–19 which entails the estab-

lishment of peripheral immune tolerance. To better understand

the molecular mechanism linking obesity to reduced HNSCC

immunogenicity, this study characterized a signaling axis that

pinpointed NLRC3, an innate immune checkpoint NLR protein,

serving as a saturated fatty acids responder. Saturated fatty

acids, but not unsaturated fatty acids, potently inhibit STING-

mediated immune activation. Many cancer cells, including

HNSCC, show defective STING signaling and do not mount an

IFN-I response upon CDN challenge.6,58 We, therefore, used

STING plasmid expression as one of the stimuli. Even with this

strong STING stimulation, palmitate, but not oleate, nearly abro-

gated immune activation. NLRC3 undergoes adaptive upregula-

tion in response to palmitate and negatively impacts HNSCC

immunogenicity. NLRC3-deficient tumors were rejected by the

adaptive immune system in an IFN-I-dependent fashion.

NLRC3 binds to cytoplasmic DNA species, releasing its interac-

tion with STING and licensing the downstream IFN-I generation

process.52,53

Obesity creates an IFN-I-deprived TME, which drives de novo

development and influx of MDSCs to HNSCC. We characterized

the impact of obesity on TME at single-cell resolution and

(C) The proliferation of EV control and sh-Nlrc3-MOC2-E6/E7 cells was assessed using an alamarBlue assay. Each group included five replicate wells. Com-

parisons at endpoint were made using a two-tailed unpaired t test (n.s. p > 0.05).

(D and E)Nlrc3 expression wasmeasured inMOC2-E6/E7 cells treatedwith either BSA alone or 200 mMpalmitate-BSA for 24 h via qPCR (D) and immunoblots (E).

Densitometry analysis was performed using ImageJ and is shown in the right panel (E). Comparisons between two groups were made using a two-tailed unpaired

t test (*p < 0.05, *p < 0.01).

(F and G) EV- and sh-Nlrc3-MOC2-E6/E7 cells were transfected with either (F) 1.0 mg/mL Sting expression plasmid or (G) 1.0 mg/mL poly(dA:dT) for 16 h. Total

RNA from cells was isolated. Expression of murine Ifnb1, pan-Ifna, Cxcl9, Cxcl10, and Mx1 was assessed via qPCR. Values represent mean ± SEM of three

biological replicates per sample. Experiments were performed twice. Comparisons were made using one-way ANOVA followed by multi-comparison tests

(*p < 0.05; ****p < 0.0001).

(H and I) EV- and sh-Nlrc3-MOC2-E6/E7 cells were transfectedwith either 1.0 mg/mLmouse Sting expression plasmid (H) or 1.0 mg/mL poly(dA:dT) (I) for 16 h. Cell

lysates were subjected to SDS-PAGE for the indicated markers.
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Figure 7. NLRC3 inhibits HNSCC immunogenicity in an IFN-I-dependent fashion

(A) One million EV- or sh-Nlrc3-MOC2-E6/E7 cancer cells were implanted subcutaneously (s.c.) into the right flank of 13-week-old C57BL/6 mice and monitored

for tumor burden (n = 5 mice per group). Tumor measurements occurred every 2–4 days. Experiments were conducted twice. Differences between groups were

assessed using the generalized estimating equation model (**p < 0.01).

(B) One million EV- or sh-Nlrc3-MOC2-E6/E7 cancer cells were implanted s.c. into the right flank of six-week-old Rag1�/� mice and monitored for tumor burden

(n = 5 per group). Tumor measurements occurred every 2–4 days.

(C) Onemillion EV- or sh-Nlrc3-MOC2-E6/E7 cancer cells were implanted s.c. into the right flank of six-week-old Ifnar1�/�mice that were backcrossed to C57BL/

6J for over nine generations and monitored for tumor burden (n = 7 per group). Differences between groups were assessed using the generalized estimating

equation model (n.s. p > 0.05).

(D) Total RNAwas isolated from one representative set of whole excised tumors and quantified for the mRNA expression levels ofCxcl9,Cxcl10, Tnf, and Ifng (n =

5 mice with EV-MOC2-E6/E7 tumors; n = 3 mice with sh-Nlrc3-MOC2-E6/E7 tumors due to complete tumor regression). Values represent mean ± SEM of three

technical replicates per tumor. All comparisons between two groups were made using a two-tailed unpaired t test (*p < 0.05; ***p < 0.001).

(E–G) TILs from one representative set of experiments were isolated and analyzed by flow cytometry. The gating strategy for all experiments was as follows:

Lymphocytes, single cells, Zombie Aqua negative (viability), CD45+ (n = 5 mice per condition). Comparisons between two groups were made using a two-tailed

unpaired t test (*p < 0.05, ****p < 0.0001).
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revealed a massive expansion of suppressive myeloid cell clus-

ters in the TILs from obese hosts. These myeloid clusters as-

sume diverse complementary features. Only a subset of these

suppressive myeloid cells expresses PD-L1 or Galectin-9. Other

suppressive cells feature high expression levels of Tgfb1, Arg1,

or Cox2. TILs from obese hosts showed more Cox2+ MDSCs,

more CD206+Arg1+ myeloid cells, and fewer STING+ myeloid

cells. As a result, effector T cells within the TME of obese hosts

are both fewer and less functional. STING agonists have been

evaluated for their potency in reducing tumor burden by reprog-

ramming the myeloid compartment in a variety of tumor

models.59 Myeloid cells are generally considered to be the

main target of intra-tumoral CDN injections. Notably, our findings

show that not all myeloid cells will respond to CDNs. BMDMs

and peritoneal macrophages separated from the obese hosts

are largely refractory to STING agonists. TheMDSCs from obese

mice are also more suppressive. In agreement, intra-tumoral in-

jection of a potent stable STING agonist lost efficacy in obese

mice. Interestingly, obesity-mediated reprogramming of myeloid

cells appears to be specific to the STING pathway because

these cells retain their sensitivity to RIG-I agonists. To further

corroborate the mechanistic link between obesity and NLRC3-

mediated STING suppression, we found that NLRC3-deficiency

rescued the tumor growth difference between lean and obese

hosts. As many priming strategies rely on the STING pathway,

future studies would be informative to assess strategies to over-

come obesity-induced desensitization to STING priming.

Limitations of the study
The clinical data on the impact of obesity on HNSCC response to

ICBs are still limited. Several considerations in clinical study

design may help better characterize the impact of common

metabolic comorbidity on tumor immunogenicity. First, many

HNSCC patients show bodyweight fluctuations around the

time of diagnosis due to cancer or associated habits. Many

HNSCCs directly interfere with eating and swallowing. Thus,

initial characterization using early-stage tumors may reduce

the number of confounding factors. Indeed, among patients

with T1-T2 HNSCC who underwent curative-intent resection,

obesity was a significant negative prognosticator and obesity-

associated white adipose tissue inflammation was associated

with worse outcomes.60,61 Second, body mass index, although

easily accessible, may not be the most accurate measurement

for obesity. For example, trained athletes can have substantially

increased body mass index yet are not obese. Thus, other mea-

surements such aswaist circumference, waist-to-hip ratio, and a

peripheral blood lipid panel, may be assessed in the design. Last

but not least, the medication history of statins should be

considered. Recent findings show that inhibiting the cholesterol

biosynthetic pathway activates the STING-IFN-I pathway.62

Conceptually in agreement, lipophilic statins show notable vac-

cine adjuvant effects and anti-tumor potency.63 HPV+ HNSCC

patients who were on statins also showed improved clinical

outcomes.20,21

In this study, we emphasized the role of NLRC3 in underpin-

ning obesity-associated desensitization of cells to STING ago-

nists. However, the high-fat diet model and in vitro treatments

with saturated fatty acids modulate multiple pathways, such as

endoplasmic reticulum stress and insulin signaling. It would be

helpful to assess additional molecular pathways that link obesity

with IFN-I response. We focused on the cancer cell-specific role

of NLRC3 in driving tumor immune escape. It is also possible that

NLRC3 expression in host cells also contributes to obesity-

mediated tumor immunogenicity. Additional studies to examine

the function of NLRC3 in different immune subsets using tumor

models with obesity being a comorbidity will help further delin-

eate the compartment-specific roles of NLRC3.

Overall, this study rendered a single-cell immune atlas for

HNSCC growing in a high-fat environment and linked saturated

fatty acids with DNA-binding, STING-inhibitory, innate immune

checkpoint, NLRC3. Saturated fatty acids, but not unsaturated

fatty acids, potently inhibited STING activation in both cancer

cells and myeloid cells. Both BMDMs and peritoneal macro-

phages in obese hosts were desensitized to STING stimulation.

MDSCs from obese hosts were also more suppressive of T cell

activation. We found that cancer-cell intrinsic NLRC3 expression

was a central regulator of HNSCC immunogenicity. Depletion of

NLRC3 resulted in IFN-I-dependent tumor rejection and rescued

the NLRC3-wild-type tumor growth difference between lean and

obese mice. These results provide a mechanistic link between

obesity and elevated risks for HNSCC.
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RESOURCE AVAILABILITY

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

(leiyuleo@umich.edu).

Materials availability
Plasmids, cell lines, and unique reagents andmaterials are available to investigators at non-profit institutions upon the establishment

of a material transfer agreement. Reagent sharing with investigators at for-profit institutions will be implemented after a licensing

agreement.

Data and code availability
d The single-cell RNA-Seq dataset of TILs from lean and obese hosts has been deposited at the NCBI Sequence Read Archive

with BioProject ID PRJNA756027 (http://www.ncbi.nlm.nih.gov/bioproject/756027). The dataset is publicly available as of the

date of publication. The accession number is listed in the key resources table.

d This paper does not report original code.

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

request.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides
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NLRC3-CRISPR/Cas9 The current study N/A
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Software and algorithms
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Metric Vernier caliper United ScientificTM Cat# S139595
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0.45mm PES filter Fisher Scientific Cat# SLHVR33RS

Cell strainer, 70 mm Corning Cat# CLS431751

96-well Flat Clear Bottom Black

Polystyrene TC-treated Microplates

Corning Cat# 3904

Cell Reports 42, 112303, April 25, 2023 21

Article
ll

OPEN ACCESS

mailto:leiyuleo@umich.edu
http://www.ncbi.nlm.nih.gov/bioproject/756027


EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies
All animal handling and procedures were performed in accordance with the animal ethics and protocols approved by the Institutional

Animal Care and Use Committee (IACUC) at the University of Michigan (PRO00008517 and PRO00010232). Male and female C57BL/

6J (RRID:IMSR_JAX:000664), female Ifnar1�/� (RRID: IMSR_JAX:002216), and femaleRag1�/� (RRID:IMSR_JAX:002216) mice were

purchased from The Jackson Laboratory at eight weeks of age and group-housed under specific pathogen–free conditions in a tem-

perature- and light-controlled environment. Ifnar1�/� mice were subsequently backcrossed nine generations into the C57BL/6J line.

To establish the obese mouse model, C57BL/6J mice were fed either a normal diet (5L0D, LabDiet, 24.6% protein, 11.4% fat, 57.3%

carbohydrate, 4.09 kcal/g) or a 60% kcal% fat diet (D12492, Research Diets, 20% protein, 60% fat, 20% carbohydrate, 5.21 kcal/g)

for twelve weeks before tumor implantation. As sex is not a known prognosticator for HNSCC, both sexes were used. Syngeneic

HNSCCmodels were established by inoculation of one million empty vector control, shNLRC3, or wild-type MOC2-E6/E7 cells sub-

cutaneously in the right flank of mice. To test drug efficacy, three weekly doses of either mock (PBS, 100 mL) or 2030-cGAM(PS)2
(Rp/Sp) (50 mg/100 mL; catalog no. tlrl-nacga2srs, InvivoGen) were administered intratumorally. Notably, littermate controls of the

same sex were randomly assigned to treatment groups. Beginning on day seven after tumor implantation, tumors were measured

using a digital Vernier caliper every two-to-three days, and tumor volume was calculated according to the formula 1/2 (length 3

width2). All mice were euthanized at the indicated time points. After euthanasia, tumors, TILs, livers, sera, and spleens of the mice

were harvested for subsequent analysis.

Cell lines and treatments
The HNSCC cell line PCI-13 (RRID:CVCL_C182) was derived from amale patient and acquired from the University of Pittsburgh. The

HNSCC cell line UMSCC22A (RRID:CVCL_7731)was derived from a female patient and acquired from the University of Michigan. The

HNSCC cell line FaDu (RRID:CVCL_1218) was derived from a male patient and purchased from ATCC. All human cell lines were

authenticated and maintained in DMEM (10-013-CV, Corning) supplemented with 10% FBS (Gibco, Life Technologies), 100 U/mL

penicillin (Gibco), and 100 mg/mL streptomycin (Gibco). The MOC2-E6/E7 (RRID:CVCL_ZD33) cell line was derived from a female

mouse and acquired from Harvard University. MOC2-E6/E7 was authenticated and cultured in 60% IMDM (SH30228.01, HyClone)

with 30% F12 nutrient mix (11764-054, Gibco), 5% FBS, 4 mg/mL puromycin, 5 mg/mL insulin, 40 ng/mL hydrocortisone, 5 ng/mL

EGF, 100 U/mL penicillin, and 100 mg/mL streptomycin. We generated NLRC3-targeting CRISPR-Cas9 lentiviruses, using a sin-

gle-guide RNA (sgRNA): 50-CCGGGTCTCCATCACTATCG-30. NLRC3–knockout cells were established by transduction of HNSCC

cells (PCI-13, FaDu) with the NLRC3-targeting CRISPR/Cas9 lentivirus. Control cells were transduced with empty vector virus

that did not express the sgRNA sequence. qPCR on human NLRC3 was performed to validate the knockdown efficiency. EV-

MOC2-E6/E7 and shNlrc3-MOC2-E6/E7 cell lines were transduced with empty vector control (EV) or shNlrc3-expressing lentiviruses

(MilliporeSigma) followed by enhanced puromycin selection due to MOC2-E6/E7 cell-intrinsic low puromycin resistance (concentra-

tion of 120 mg/mL). Puromycin was purchased from InvivoGen (ant-pr-1). qPCR onmurineNlrc3was performed to validate the knock-

down efficiency. Type I interferon pathway activation was assessed in vitro via the following agonists: 2030-cGAMP (tlrl-nacga23-1,

InvivoGen); ISD naked (tlrl-isdn, InvivoGen); Poly(dA:dT) (tlrl-patn-1, InvivoGen); pcDNA3.1–human STING–HA and pcDNA3.1–mu-

rine STING–HA were provided by Glen N. Barber of the University of Miami.

Bone marrow-derived macrophages (BMDMs) isolation and differentiation
BMDMswere isolated from both adult female andmalemice to assess type-I interferon responses in immune compartments. In brief,

mice were euthanized, after which the two posterior femurs, tibias, and fibulas were resected from mice, using scissors and forceps

sterilized with 70% ethanol, and placed within the biosafety cabinet. Bone ends were subsequently cut, and bone marrow was

flushed out in sterile PBS using a 27G needle (305109, BD) and filtered through a 70-mm cell strainer to achieve a single-cell suspen-

sion. Cells were spun down and resuspended in 5 mL of BMDM differentiation media (RMPI media with L-glutamine containing 20%

heat-inactivated FBS, L-929 cell supernatant, and 1%penicillin/streptomycin). Cells were split into five 100mm tissue culture-treated

Petri dishes containing a final volume of 10 mL per plate. On day three post-plating, an additional 10 mL differentiation media was

added to aid cellular growth. On day six post-plating, media was removed, and dishes were washed once with 13 PBS. Cells were

then gently removed from the plate in 5mL 13 PBS using a 25 cm cell scraper, spun down, and counted. Cells were plated for exper-

imental use in 6-well tissue culture plates, 0.53 106 cells/well in 2mLBMDM culture media (RPMImedia with L-glutamine containing

20% heat-inactivated FBS and 1% penicillin/streptomycin).

Peritoneal macrophages isolation and differentiation
Peritoneal macrophages were isolated from male mice to assess myeloid cell sensitivity to agonists of the STING-IFN-I pathway.

Mice were euthanized and mounted supine on a Styrofoam block. Using scissors and forceps, sterilized with 70% ethanol, the inner

lining of the peritoneal cavity was exposed and injected with 5mL of ice-cold PBS containing 3%FBS using a 27G needle. Briefly, the

peritoneum was massaged to dislodge attached cells. A 25G needle was used to collect the fluid from the cavity and then inspected

for blood contamination. An incision was made in the peritoneal cavity to collect any remaining fluid using a pipette. Samples were

combined with regards to their groups, obese (n = 6) and lean (n = 6), spun down, and then plated in a 12-well tissue-culture dish,
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1.63106 cells/well in 1 mL culture media (RPMI media with L-glutamine containing 20% heat-inactivated FBS and 1% penicillin/

streptomycin). The following day, media was aspirated, and the remaining adherent cells were used for downstream assays.

METHOD DETAILS

Preparation of fatty acid conjugates
To test the effects of free saturated and unsaturated fatty acids in modulating the type I interferon response, we prepared palmitate-

BSA, palmitoleate-BSA, myristate-BSA, and sodium oleate-BSA conjugates. In brief, to prepare the BSA solution, 10% (w/v) fatty

acid-free bovine albumin (A9418-5G, MilliporeSigma) was gradually added to ultrapure water at 52�C with gentle agitation until

the BSA was fully dissolved. To prepare palmitate, palmitoleate, and myristate, palmitic acids (P0500, Sigma-Aldrich), palmitoleic

acids (P9417, Sigma-Aldrich), and myristic acids (M3128, Sigma-Aldrich) were added to 0.1M NaOH (S2770, Sigma-Aldrich) and

heated to 70�C until fully dissolved, yielding a concentration of 100 mM. Likewise, sodium oleate (O7501, Sigma-Aldrich) was added

to ultrapure water at 55�C to yield a concentration of 100 mM. To conjugate fatty acids to BSA, the 100 mM stocks of palmitate, pal-

mitoleate, myristate, and sodium oleate were added to 10% BSA at a ratio of 1:9 and heated at 55�C for 10 min. After conjugation,

both the 10% (w/v) BSA solution and fatty acid-BSA solutions were filter-sterilized using a 0.45 mm PES filter (SLHVR33RS, Fisher

Scientific), aliquoted, and stored at �20�C. Before use, solutions were warmed to 37�C. For final use, 200 mM of both fatty acid-

BSA conjugates were used.

Gene expression qPCR & ELISA
For qPCR, total RNA was extracted using QIAshredder and the RNeasy Plus Mini Kit (catalog 79654 and 74134, respectively; Qia-

gen). RNA concentration was measured using a Nanodrop Spectrophotometer (Thermo Fisher Scientific). RNA was reverse-tran-

scribed into cDNA using High-Capacity cDNA Reverse Transcription Kit and RNAse inhibitor (4368814 and N8080119, Applied

Biosystems). The primers were synthesized by Integrated DNA Technologies. The primer sequences are shown in Table S2. For

ELISA, supernatant from treated MOC2-E6/E7, BMDMs, and peritoneal macrophages was collected 16 h post-treatment with ago-

nists of the type I interferon pathway. Protein levels of murine Ifn-b and Tnf-a in the supernatant were quantified using a LumiKineTM

Xpress mIFN-b 2.0 kit (luex-mifnbv2, Invivogen) and Tnf-aMouse ELISA kit (BMS6073, Invitrogen). The bioluminescent intensity was

measured using a Synergy H1microplate reader (Agilent) andGen5 program (version 2.09), and three technical replicates per sample

were examined simultaneously.

Immunoblotting assays
Whole-cell lysates per condition were harvested on ice in RIPA buffer (50 mMTris-HCl pH 8.0 [BP1758500, ThermoFisher], 1% Triton

X-100 [X100, Sigma-Aldrich], 0.05% SDS [74255-250G, Sigma-Aldrich], 0.25% deoxycholate [D6750, Sigma-Aldrich], 150 mMNaCl

[S3014-5KG, Sigma-Aldrich], and 50 mM NaF [201154, Sigma-Aldrich]) supplemented with a protease inhibitor cocktail

(11836170001, Roche) and Halt Phosphatase Inhibitor Cocktail (78420, Thermo Fisher Scientific). Once collected, the samples

were rotated at 4�C for 30 min and centrifuged at 13,000 g for 10 min at 4�C. Lysates were blotted on NuPAGETM 4 to 12%, Bis-

Tris, 1.0 mm Gel (NP0323BOX, ThermoFisher). Proteins from lysates were blotted using the following antibodies: NLRC3 antibody

(ab77817, RRID:AB_2042467, Abcam), Phospho-TBK1/NAK (Ser172) Antibody (5483S, RRID: AB_10693472, Cell Signaling Tech-

nology), TBK1/NAK Antibody (3504S, RRID: AB_225566, Cell Signaling Technology), Phospho-STING (Ser365) Antibody (72971S,

RRID: AB_2799831, Cell Signaling Technology), STING Antibody (13647S, RRID: AB_2732796, Cell Signaling Technology), phos-

pho-IRF-3 (Ser396) Antibody (4947S, RRID: AB_823547, Cell Signaling Technology), IRF-3 Antibody (4302S, RRID: AB_1904036,

Cell Signaling Technology), and anti-beta actin antibody (ab49900, RRID: AB_867494, Abcam). The secondary antibodies anti-rabbit

IgG–HRP Antibody (ab97051, RRID: AB_10679369, Abcam) and anti-mouse IgG–HRP Antibody (ab97023, RRID: AB_10679675, Ab-

cam) were used as needed. The dilutions for the primary antibodies were as follows: b-actin, 1:100,000; and 1:1000 for other anti-

bodies. All antibodies were diluted in 5% skim milk. To assess the interaction between NLRC3 and STING, HA-NLRC3 and

FLAG-STING plasmids were transfected into PCI-13, FADU, and UMSCC22A cells. Whole-cell lysates were harvested on ice in

NP40 buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 0.1% NP-40) supplemented with a protease inhibitor cocktail

(11836170001, Roche) and Halt Phosphatase Inhibitor Cocktail (78420, Thermo Fisher Scientific). FLAG-STING and HA-NLRC3 pro-

teins were pulled down by using the anti-FLAG M2 Affinity gel (A2220, Millipore Sigma) and Anti-HA Agarose (26181, Thermo Fisher

Scientific). After three gently washes, immunoprecipitated protein complexes were resuspended in 13 LDS sample buffer, boiled at

95�C for 5 min, then were blotted using the following antibodies: anti-FLAG M2 Antibody (14793, RRID:AB_2572291, Cell Signaling

Technology) and anti-HA-Tag Antibody (3724, RRID:AB_1549585, Cell Signaling Technology).

Histology, immunohistochemistry, and oil red O staining
After formalin fixation and paraffin embedding, specimens were sectioned, deparaffinized on a 58�C drying bench for 20 min, and

then rehydrated. Retrieval buffer (Hk081-20k, Biogenex) was used for antigen unmasking and 0.3% hydrogen peroxide was used

for quenching the endogenous peroxidase. Sections were blocked with 5% goat serum in PBS-T for 1 h and incubated with an

anti-Acly antibody (LS-B13453, LSBio) or an anti-Nlrc3 antibody (ab77817, RRID:AB_2042467, Abcam) at 4�C overnight. After

washing twice in PBS-T buffer for 5 min each, the specimens were incubated with a secondary antibody (1:100 dilution) at room
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temperature for 30 min. Then we used an ABC kit (PK-4001, Vectastain) for the addition of Avidin-Biotinylated HPR Complex. Sec-

tions were incubated with DAB (D4168-5SET, Sigma) for 3min and stopped in water. For the Oil Red O staining, liver specimens were

embedded in OTC and sectioned. After air-dry at room temperature, the slides were fixed in 10% Neutral Buffered Formalin. Then

they were rinsed in water and dipped in 60% isopropanol (A426P-4, Fisher Scientific). The slides were placed in the Oil Red O – Iso-

propanol Solution (H-503-1B, Rowley Biochemical), washed twice, and then stained with Harris Hematoxylin (NC9520196, Fisher

Scientific) for 15 s. The images were analyzed using ImageJ.

AlamarBlue assay
Empty vector control or shNlrc3-MOC2-E6/E7 cells were seeded at a density of 500 cells per well in 96-well microplates with a flat

black bottom (3904, Corning). Every 24 h from day 1 to day 4, corresponding wells were supplemented with 10% alamarBlue

(DAL1025, Invitrogen), and the plate was subsequently incubated at 37�C for 4 h. The fluorescence intensity (excitation 560, emission

590 nm) of these wells was measured using a Synergy H1 microplate reader (Agilent)and Gen5 program (version 2.09), and five rep-

licates per group were examined simultaneously.

Quantitation of serum cholesterol levels
Serum cholesterol was measured using a luminescent plate assay (J3190, Promega) according to the manufacturer’s instructions.

Blood was collected from mice prior to euthanasia by submandibular bleeds and collected in Microvette 500 Serum Gel collection

tubes (20.1344, Sarstedt). The luminescent intensity was measured using the Synergy H1 microplate reader (Agilent) and the Gen5

program (version 2.09).

Flow cytometry
Immune cells from tumors and spleens were purified. Tumors were excised frommice, weighed, andminced into pieces, followed by

tissue dissociation and passage through a 70-mm cell strainer to obtain a single-cell suspension. Spleens were processed by

mechanical dissociation, followed by lysis of red blood cells with ACK lysing buffer (A10492-01, Gibco). Ficoll-Paque PLUS

(17-1440-03, GE Healthcare Life Sciences) was added to the bottom of each tube containing single-cell suspensions in

RPMI1640, followed by density-gradient centrifugation to purify immune cells. In general, approximately 1 3 106 tumor-infiltrating

lymphocytes were extracted from tumors post-Ficoll purification. Cells were subsequently stained for multi-fluorophore flow cyto-

metric analysis with the following antibodies: anti-CD45 (clone 30-F11, BioLegend), anti-TCRb chain (clone H57-597, BioLegend),

anti-TCRgd (clone GL3, BioLegend), anti-CD4 (clone RM4-5, BioLegend), anti-CD8 (clone 53-6.7, BioLegend), anti-IFN-g (clone

XMG1.2, BioLegend), anti-PD-1 (clone 29F.1A12, BioLegend), anti-CD11b (clone M1/70, BioLegend), and anti-Ly-6G (RB6-8C5,

BioLegened). Cells were also stained for viability using Zombie Aqua (423101, BioLegend) diluted 1:1000 in PBS at 4�C for

30 min. Flow cytometric acquisition and initial compensation were conducted on a Beckman Coulter CytoFLEX and BioRad ZE5

Cell Analyzer. Approximately 0.5 3 105 tumor-infiltrating lymphocytes were acquired per experiment. FlowJo version 10 software

was used for compensation and data analysis.

MDSC functional assay
In vitro generation of MDSCs involved first harvesting bone marrow from lean and obese mice following the previously described

protocol. Once cells were obtained in a single cell suspension, cells were incubated in MDSC differentiation media (RMPI-1640,

1% L-glutamine, 10% heat-inactivated fetal bovine serum, and 50uM b-mercaptoethanol 1% penicillin-streptomycin) containing

200 U/mL recombinant murine GM-CSF (315-03, PeproTech) for four days. Following this, the cells were treated with a combination

of 0.1 mg/mL LPS (00-4976, Invitrogen) and 100 U/mL IFN-g (575302, BioLegend) for 16 h to activate the MDSCs. Cells were stained

using the following flow cytometric panel: Zombie Aqua (423101, BioLegend), anti-CD11b (cloneM1/70, BioLegend), and anti-Ly-6G

(RB6-8C5, BioLegened). FACS sorting on BeckmanMoFlo Astrios Cell Sorter was used to isolate granulocyticMDSCS. Spleens from

age-matched C57BL6/J mice were harvested, on the same day of MDSC sorting, to purify CD8+ T-cells for co-culture with MDSCs.

First, spleens were collected in ice-cold PBS and then smeared against a 70-mMcell strainer to obtain a single-cell suspension. CD8+

T-cells were isolated using a murine EasySep CD8+ T cell isolation kit (19853, Stemcell Technologies) and then stained using 5 mM

CFSE Violet Proliferation dye (C34554, Invitrogen) for 20 min in a 37�C incubator. MDSCs were dispended into wells containing

labeled CD8+ T-cells and then stimulated with Dynabeads CD3/CD28 (11456D, Gibco) for four days to enable T cell expansion. Cells

were then stained using the following panel: Zombie Aqua (423101, BioLegend), anti-CD8 (clone 53-6.7, BioLegend), and anti-CD11b

(M1/70, BioLegened). CFSE dilution in CD8+ T-cells was analyzed by flow cytometry. MDSCS were also isolated from tumors grown

in lean and obese mice. First, the tumors were harvested in RPMI1640 media, mashed, and processed using tumor dissociation me-

dia (RPMI1640, 1 mg/mL Collagenase I, 250 U/mL Collagenase IV, and 20 U/mL Dnase) for 30 min in 37�C water bath. Cells were

stained using Zombie Aqua viability dye (423101, BioLegend) and the following antibodies: anti-CD45 (clone 30-F11, BioLegend),

anti-CD11b (clone M1/70, Biolegend), and anti-Gr1 (clone RB6-8C5, Biolegend). Cells were sorted using Invitrogen Bigfoot Cell

Sorter. At the same time, CD8+ T-cells were acquired from the spleens of lean mice and labeled with CFSE proliferation dye as pre-

viously described. MDSCs were dispensed into wells containing CFSE-labeled T-cells from and incubated with Dynabeads CD3/

CD28 for four days; after which, cells were stained using the previously described flow panel and analyzed for CFSE dilution using

flow cytometry.
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Single-cell immune profiling
Whole tumor lysate was treated with ACK Lysing Buffer (A1049201, ThermoFisher), then processed through an EasySep Dead Cell

Removal (Annexin V) Kit (17899, STEMCELL Technologies). The cell suspension was submitted in 13 PBS +0.04% BSA for 103Ge-

nomics 30-single-cell processing and RNA-Seq at a depth of at least 30,000 reads per cell. We utilized the following criteria to select

high-quality transcriptomes: (i) the qualified cellsmust have unique feature counts between 200 and 7,500; (ii) themitochondrial reads

must be fewer than 10%; (iii) the transcriptomes must have unique molecular identifiers counts over 500. We integrated 5,154 high-

quality transcriptomes for downstream analyses. We utilized the sctransform tool to remove the library size effect and the mutual

nearest neighbor algorithm to remove the batch effect for final integration. We selected the top 2,025 genes with the highest cell-

to-cell variation as well as features to stabilize the immune population structure. The single-cell dataset is deposited to the NCBI

Sequence Read Archive with a BioProject ID PRJNA756027.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis between two independent groups was made using unpaired, two-tailed Student’s t-tests. Comparisons between

more than two groups were made using two-way ANOVA with �Sidák’s multiple-comparisons post hoc analysis. Tumor burden be-

tween groups was compared using the generalized estimating equation model unless otherwise specified. Statistical significance is

indicated in all figures according to the following scale: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. All graphs are presented

as themean ±SEM. To test the differentially expressed genes between T-cells separated from the tumors in lean control mice and the

tumors grown in obese mice, we employed the R-package ‘‘stats’’ and performed the non-parametric Wilcoxon test.
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