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Abstract

While obesity can promote cancer, it may also increase immunotherapy efficacy in what has 

been termed the obesity-immunotherapy paradox. Mechanisms of this effect are unclear, although 

obesity alters key inflammatory cytokines and can promote an inflammatory state that may modify 

tumor infiltrating lymphocytes (TIL) and tumor associated macrophage (TAM) populations. To 

identify mechanisms by which obesity affects anti-tumor immunity, we examined changes in cell 

populations and the role of the pro-inflammatory adipokine leptin in immunotherapy. Single cell 

RNAseq revealed that obesity decreased TIL frequencies and flow cytometery confirmed altered 

macrophage phenotypes with lower expression of iNOS and MHCII in tumors of obese animals. 

When treated with anti-PD-1 antibodies, however, obese mice had a greater absolute decrease in 

tumor burden than lean mice and a repolarization of the macrophages to inflammatory M1-like 

phentoypes. Mechanistically, leptin is a pro-inflammatory adipokine that is induced in obesity 

and may mediate enhanced anti-tumor immunity in obesity. To directly test the effect of leptin 

on tumor growth and anti-tumor immunity, lean mice were treated with leptin and tumors were 

observed over time. Treatment with leptin, acute or chronic, was sufficient to enhance anti-tumor 
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efficacy similar to anti-PD-1 checkpoint therapy. Further, leptin and anti-PD-1 co-treatment may 

enhance anti-tumor effects consistent with an increase in M1-like TAM frequency compared to 

non-leptin treated mice. These data demonstrate that obesity has dual effects in cancer through 

promotion of tumor growth while simultaneously enhancing anti-tumor immunity through leptin-

mediated macrophage reprogramming.

Introduction

Obesity is a risk factor for at least 13 different types of cancer, and in the United States 

36.2% of adults are obese (1). It is estimated that obesity is the cause of 14% and 20% 

of cancer deaths in men and women, respectively (2, 3). Obesity is correlated with the 

highest relative risk of development in intestinal cancers, such as esophageal, stomach and 

colorectal (2). Along with an increased risk of developing cancer, obese patients also have 

worse outcomes in regards to response to surgery, traditional chemotherapy, and radiation 

therapy treatments (4). Studies investigating the efficacy of immunotherapy in obese patient 

and mouse models have indicated that obesity can improve immunotherapy efficacy, but the 

complete mechanism for this is not yet understood (5, 6).

In obese patients, chronic lipid and nutrient overload can lead to increased inflammation 

in adipose tissue that promotes the constellation of pathologies termed the metabolic 

syndrome (7). Even prior to overt conditions of the metabolic syndrome such as type 

II diabetes or cardiovascular disease, immunity and immune responses are altered and 

impaired, and these immune changes are a predisposition for cancer development (8). 

Lean adipose tissue contains numerous anti-inflammatory cells including alternatively 

activated (M2) macrophages, TH2 T cells and T Regulatory T cells (9). However, as 

adipocytes increase in size and quantity in obesity, they begin to secrete inflammatory 

adipokines and cytokines including leptin, tumor necrosis factor-α (TNF-α), interleukin-6 

(IL-6), and monocyte chemotactic protein (MCP-1). Leptin, TNF-α, and IL-6 induce 

local and systemic inflammation and are known to be elevated in colon cancer (10, 11). 

Leptin and MHCII expression by adipocytes and myeloid cells, respectively, skew and 

activate TH1 cells, and the TH1 and CD8+ T cells secrete elevated levels of interferon-

γ (IFN-γ), further increasing adipose tissue inflammation (9). In obesity, macrophages 

are recruited through MCP-1 and TNF-α, and the elevated IFN-γ in adipose tissue 

promotes a shift towards a classically activated/inflammatory (M1) macrophage phenotype 

with increased MHCII expression and pro-inflammatory cytokine expression. Obesity also 

triggers intracellular pathways that upregulate cyclo-oxygenase-2 (COX2), signal transducer 

and activator of transcription 3 (STAT3) and nuclear factor-κB (NF-κB) pathways, which 

increase inflammation, cellular proliferation, and anti-apoptotic proteins (10, 12, 13). As 

metabolic syndrome develops, the concomitant high glucose concentrations further promote 

a pro-tumor microenvironment by activating Hif1α, and hyperinsulinemia further promotes 

cell growth and anti-apoptotic proteins (13). Additionally, excess inflammation is involved 

in the epithelial-to-mesenchymal transition, which can increase cellular metastatic potential 

and genomic instability, resulting in increased DNA damage and mutation load (10). Obesity 

induces local adipose tissue and systemic inflammation through a multitude of mechanisms 

that increases the risk of cancer development.
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While inflammation can promote cancer cell survival and tumor progression, these chronic 

immune changes also impact and suppress adaptive, and potentially, anti-tumor immunity. 

While obese adipose tissue macrophages have pro-inflammatory “M1” characteristics, 

the phenotype of tumor-associated macrophages (TAMs) is not the same as that of the 

adipose tissue macrophages (14). M1-like macrophages have anti-tumor properties via 

production of pro-inflammatory cytokines and nitric oxide, while M2-like macrophages have 

immunosuppressive properties which result in a pro-tumor function (15). Tumor-associated 

macrophages (TAMs) usually make up the greatest portion of immune cells in tumors, 

and these macrophages typically have an M2-like phenotype that supports tumor growth 

and inhibits anti-tumor immune cells (16–18). Monocytes are recruited to tumors through 

the chemokines CCL2, CCL5, vascular endothelial growth factor (VEGF), and colony 

stimulating factors (GM-CSF and M-CSF)(19). The recruited monocytes then mature into 

M2-polarized macrophages due to the intratumoral cytokines TGFβ, IL-6, and IL-10 (20). 

TAMs also promote tumor progression and invasion by secreting matrix metalloproteinases 

and cathepsins that degrade extracellular matrix (ECM) proteins (18). Blood vessels needed 

for tumor progression are supported through TAM production of TGFβ and VEGF (17). Due 

to these pro-tumor functions, the majority of cancers have an association between high TAM 

density and poor patient prognosis (21). Gene set enrichment studies have demonstrated that 

ECM in obese patients polarizes macrophages to a stronger M2-like phenotype than that of 

ECM from lean patients (14).

Checkpoint inhibitor therapies work through blocking negative regulatory receptors. For 

example, the use of an antibody to PD-1 recovers the “exhausted” T-cell function and 

leads to subsequent tumor cell death (22). TAMs also express PD-1 that negatively 

correlates with anti-tumor function (23). The administration of anti-PD-1 (αPD-1) in vivo 
also improves macrophage anti-tumor function and reduces tumor growth (23). Immune 

checkpoint blockade treatment enhances survival for some patients, but clinical trials 

have demonstrated that efficacy of αPD-1 is limited with approximately one-quarter to 

one-third of patients showing a partial or complete response (24). To date there is no 

proven biomarker to predict response in many tumor types. While studies have focused 

predictive models using tumor-associated factors, such as T cell infiltration, PD-1 or PD-L1 

expression, and mutation burden, fewer studies have focused on patient-associated factors 

such as age, smoking habits, diet composition, and body mass index (BMI). Studies 

investigating the effects of obesity on immunotherapy efficacy have largely focused on T 

cell phenotyping, identifying that obesity induces increased immune checkpoint blockade 

markers on T cells (5). However, the mechanism of how obesity affects immunotherapy 

remains unknown, especially with respect to the roles of immune cells other than T cells 

such as macrophages. Given the importance of TAMs in tumor progression, the potential 

for αPD-1 treatments to restore macrophage anti-tumor function, and the association of 

a stronger “M2” phenotype in obesity, we hypothesize that the macrophages will play a 

significant role for immunotherapy efficacy in obesity.

Here we investigated how obesity-induced inflammation contributes to differences in the 

tumor immune microenvironment and may alter immunotherapy efficacy in diet-induced 

obesity (DIO). Through single cell RNA sequencing we observed differences in the tumor 

immune cell landscape that revealed a diet effect primarly involving tumor myeloid cells. 
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Using flow cytometry, we demonstrate that TAM phenotypes change significantly with 

immunotherapy treatment in obese, but not lean mice. This effect appeared mediated, 

in part, by elevated levels of the adipokine, leptin, which was sufficient to enhance M1-

like macrophage polarization. Interestingly, treatment of lean mice with leptin alone was 

sufficient to reduce tumor growth. Obesity plays dual roles by both promoting tumor 

progression and sensitizing to immunotherapy through elevated levels of leptin, which can 

alter TAM polarization to enhance anti-tumor immunity.

Materials and Methods

Mice

Mice were housed in pathogen-free facilities in ventilated cages with 5 animals per cage. 

All mouse studies and procedures were performed under Institutional Animal Care and 

Utilization Committee (IACUC)-approved protocols from Vanderbilt University. C57BL/6 

mice were obtained from the Jackson laboratory at 3 weeks of age. Diet-induced obese 

(DIO) and control mice were generated by feeding mice with an open-source purified diet 

consisting of either 60% fat (D12492 Research Diets, Inc) or continued on standard housing 

diet (LabDiet Rodent 5001) with 10.7% fat when mice were 5 weeks old, respectively. Mice 

were maintained on their respective diet for 12 weeks before initiating tumor growth studies.

Leptin measurements

Plasma leptin concentrations were measured using Leptin Mouse Quantikine ELISA kit as 

per the manufacturer’s instructions (R&D systems).

Tumor cell line and treatment

The murine colorectal cell line MC38-CEA1 was purchased from Kerafast. C57BL/6 mice 

were injected subcutaneously in the right flank with 1 × 105 MC38-CEA1 cells in 200 μL 

PBS for the tumor growth studies in DIO and lean mice and 2.5 × 105 MC38-CEA1 cells 

in 200 μL PBS for immunotherapy and leptin studies. Tumors were measured with digital 

calipers every 2–3 days, and tumor volume was calculated as length (mm) × width2 (mm) 

× 0.5. In immunotherapy studies, C57BL/6 MC38-CEA tumor bearing mice received either 

intraperitoneal injections of 200 μg anti-mouse PD-1 antibody (RMP1–14, BioXCell) in 200 

μL PBS or 200 μg rat IgG2a isotype control (2A3, BioXCell) in 200 μL PBS on days 5, 7, 9, 

11, 13, and 15.

For leptin studies, recombinant leptin (R&D Systems) was injected at a 1 μg/g body 

weight concentration in 200 μL of PBS, twice daily while control mice received 200 

μL of PBS. All leptin experiments were initiated when mice were 5 weeks old. Chronic 

leptin experiments started leptin treatments two weeks before tumor injection and continued 

treatments throughout tumor growth. Acute leptin experiments started leptin treatments on 

day 5 post-tumor injection.

Tumor Dissociation

To prevent tumors from growing past the 2 cm limit per the IACUC protocol, tumors 

were collected on day 16 days post-injection. Fresh tumors were first processed with 
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mechanical dissociation, followed by enzymatic digestion with 9.28 mg/mL DNase I (Sigma 

D5025) and 0.1 g/mL collagenase IA (Sigma C2674), for 1 hour at room temperature 

using a dissociator (Miltenyi) with gentleMACS C-tubes. To remove calcium, cells were 

resuspended for 5 min in HBSS without calcium or magnesium (Gibco), then resuspended 

in 5 mM of ethylenediaminetetraacetic acid (EDTA) for 30 min at room temperature. 

Next, cells were passed through a 70 μm filter before ammonium-chloride-potassium 

(ACK) lysing buffer (KD Medical Inc) was added to remove red blood cells before flow 

cytometry. Immediate staining was performed for surface marker expression analysis by 

flow cytometry.

Mouse flow cytometry

One million cells of each tumor or spleen were transferred to a 96-well round-bottom, micro 

test plate and pelletized at 1500 rpm (524 g) for 5 min (Beckman-Coulture Allegra X-14 

Centrifuge). A fixable viability dye (eBioscience, eFluor 780) was used to identify live 

cells. The following antibodies were used for surface staining: CD45 BV510 (Biolegend, 

Clone: 30-F11), CD3 FITC (Thermofisher, Clone: 17A2), CD4 PECy5 (Thermofisher, 

Clone GK1.5), CD8a eFluor 450 (Thermofisher, Clone: 53–6.7), CD279 (PD-1) APC 

(Thermofisher, Clone: J43), CD279 (PD-1) PE (Biolegend, Clone: RMP1–14), CD44 PECy7 

(Thermofisher, Clone: IM7), Foxp3 PE (Thermofisher, Clone: FJK-16S), CD11b eFluor 

450 (Thermofisher, Clone: M1/70), F4/80 FITC (Thermofisher, Clone: BM8), CD206 

APC (Biolegend, Clone: C068C2), CD86 PE (BD Biosciences, Clone: GL1), iNOS2 PE 

(Thermofisher, Clone: CXNFT), I-A/I-E (MHCII) (Biolegend, Clone: M5/114.15.2). Briefly, 

cells were treated with Fc blocking antibodies (TruStain FcX Biolegend) for 10 min at 

4 °C followed by cell surface antibodies in FACS Buffer (PBS with 2% FBS) for 30 

min at 4 °C. For T cell intracellular staining the FoxP3/Transcription Factor Staining kit 

(ThermoFisher) was used. The Cytofix/Cytoperm Fixation and Permeabilization Solution 

Kit (BD Biosciences) was used for macrophage intracellular staining. Cells were pelletized 

at 1500 rpm (524 g) for 5 min before re-suspending in 200 μL of FACS Buffer. Expression 

of immune cell surface markers was measured by fluorescence cytometry (MACSQuant, 

Miltenyi Biotec) and analyzed by FlowJo software (Tree Star Inc.). To select immune cells, 

live cells were first gated on a fixable viability dye, then a CD45+ cell gate was applied 

before selecting immune cell subtypes (Supplementary Figure 1A). Some tumor samples did 

not have enough cells for multiple flow cytometry panels.

Bulk TAM mRNA transcript analysis

Mice were subcutaneously injected with 250,000 MC38-CEA1 cells in the right flank on 

day 0, intraperitoneally injected with 250 mcg anti-PD1 antibody (clone RMP1–14, BE0146 

Bio X Cell) or IgG control (clone 2A3, BE0089 Bio X Cell) on days 11 and 13, and 

euthanized on day 16. CD11b+ tumor cells were isolated from tumor single cell suspensions 

using CD11b Microbeads (Miltenyi 130–049-601) according to manufacturer’s instructions. 

Then, cells were stained with the indicated surface markers and viability dye, and TAMs 

(live CD45+ CD11b+ F4/80 hi CD3− CD19− NKp46− Ly6C lo Ly6G−) were sorted on 

a BD FACSAria III cell sorter. RNA was isolated from TAMs using the Quick-RNA™ 

Microprep Kit (Zymo R1050) according to manufacturer’s instructions. RNA transcripts 

were quantified using the NanoString nCounter Metabolic Pathways Gene Expression 
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Panel (XT-CSO-MMP1–12) according to manufacturer’s instructions. Transcript levels were 

normalized to internal control housekeeping genes using the NanoString nSolver software.

To identify differentially expressed genes across diet (LFD and HFD) and treatment (anti-

PD1 and IgG), we compared transcript counts in the treatment vs control group stratified by 

diet and HFD vs. LFD stratified by treatment. This resulted in four pairwise comparisons: 

1) anti-PD1+HFD vs. IgG+HFD, 2) anti-PD1+LFD vs. IgG+LFD, 3) HFD+anti-PD1 

vs. LFD+anti-PD1, and 4) HFD+IgG vs. LFD+IgG. Each condition (diet + treatment 

combination) had three replicates with Nanostring transcript counts. The transcripts counts 

were normalized using internal housekeeping genes such that the minimum value was 

1. After estimating the dispersion (variance of transcript counts) using the function 

“estimateDisp”, differential expression between conditions was evaluated using a likelihood 

ratio test for a negative binomial generalized log-linear model. We considered transcripts 

with a false discovery rate < 10% as being differentially expressed. For differentially 

expressed transcripts in any of the four pairwise comparisons, we plotted the transcript 

count as a heatmap and grouped them using hierarchical clustering. Differential expression 

was evaluated using the package “edgeR” (version 3.28.1) within the statistical computing 

software R (version 3.6.3). Heatmap and clustering was performed using the package 

‘seaborn’ (version v0.11.0) using Python3.6.

Single-cell RNA sequencing

8-week-old C57BL/6 male mice were fed ad libitum with either a 10% kcal from fat 

(low fat) diet or a 45% kcal fat (high fat) diet (Research Diets D12450H and D12451, 

respectively). Following 28 weeks of diet treatment, mice were injected subcutaneously 

with 2×105 murine MC38 (Kerafast) cells. Tumors were collected on day 20 post injection 

then mechanically and enzymatically digested using mouse tumor digestion kit (Miltenyi) 

following manufacturer’s instructions. Tumor-infiltrating leukocytes were sorted by positive 

selection using CD45+ microbeads (Miltenyi Biotec) from dissociated tumors for single-cell 

analysis. CD45+ cells were further enriched for live cells using a dead cell removal kit 

(Miltenyi Biotec) Cells were diluted with trypan blue and counted using a hemocytometer. 

Three tumors possessing the median weights were pooled together for each treatment group. 

Pooled samples were resuspended at 1×106 cells/mL in PBS plus 0.4% BSA with a target 

of 20,000 live cells loaded onto the Chromium Controller (10X genomics) and processed 

according to the manufacturer’s instructions. Sequencing was performed on the Illumina 

NovaSeq 6000 targeting 50,000 reads per cell for the 5’ assay. The raw data (FASTQ files) 

were demultiplexed and processed using the velocyto (version 0.17.17) to generate gene 

expression matrix as loom files.

Data pre-processing, normalization, integration, and clustering were performed within 

scanpy (version 1.7.1). Briefly, the gene expression matrix for each sample was filtered 

by keeping cells in with more than 200 and less than 4000 genes were detected and genes 

that were detected in more than 3 cells. Cells with mitochondrial genes representing greater 

than 10% percent of the transcripts were also removed. The matrix for each sample was 

integrated using a MNN (mutual nearest neighbor) algorithm with 4002 highly variable 

genes (highly variable genes in at least two samples). LFD and HFD samples were merged 
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into one matrix. Clustering performed via Leiden which identified 20 clusters that were 

then annotated using SingleR and manually confirmed. Violin plots of genes were made 

with scanpy(25). Data are available online at GEO under https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE179936.

Statistics

Prism software (GraphPad Software Inc.) was used to create graphs and conduct statistical 

analyses. Data were expressed as mean ± standard error of the mean (s.e.m.). For analysis 

of three or more groups, one-way analysis of variance (ANOVA) tests were performed 

with Tukey post-hoc test. For tumor growth, a two-way analysis of variance (ANOVA) was 

used. The differences between two test groups was performed using the Mann-Whitney test. 

Differences between more than two test groups was determined using a one-way analysis 

of variance (ANOVA). For scRNA sequencing violin plot a students t test was performed 

and adjusted using benjamini-hochberg procedure. p values were considered statistically 

significant if p < 0.05.

Results

Obesity Elevates Basal T-Cell Stimulation

Spleens from non-tumor bearing mice were characterized to identify baseline differences 

in systemic immune profiles between DIO and lean mice. Five-week old C57BL/6 male 

mice were fed either a low-fat diet (LFD) or high fat diet (HFD) for 12 weeks, over which 

time the DIO mice gained significantly greater weight than lean mice (Figure 1A). Systemic 

inflammation was quantified with markers of T cell activation and exhaustion (26, 27). 

There was a trend for fewer CD8+ T cells in the spleens of DIO mice (Supplementary Figure 

1 A,B). However, a higher frequency of CD8+ T cells expressed elevated levels of the CD44 

marker of activation among DIO mouse splenic T cells compared to lean mouse splenic T 

cells (Figure 1B). The chronic inflammatory state and activation of immune cells in obesity 

may upregulate exhaustion markers including PD-1. In contrast to CD44, PD-1 was not 

significantly upregulated on splenic CD8+ T cells in DIO compared to LFD mouse splenic T 

cells (Supplementary Figure 1C). Together, these data support previous findings and suggest 

that obesity induces a systemic chronically stimulated T cell phenotype (5). The presence 

of activation and checkpoint markers on T cells in DIO mice suggests that the obese mice 

have an elevated inflammatory profile that may influence tumor growth and response to 

immunotherapy.

Obesity Increases Tumor Growth and Decreases Anti-Tumor Inflammation

After establishing that DIO can shift T cells to more activated phenotypes, we tested how 

obesity affected tumor-infiltrating immune cells. The MC38-CEA1 colon cancer model was 

chosen because it is compatible with the C57BL/6 DIO model and is responsive to treatment 

with anti-PD-1 immunotherapy (28). As expected, MC38-CEA1 subcutaneous tumors grew 

significantly larger in DIO mice compared to lean mice (Figure 1C, Supplemental Figure 

1D). Despite increased frequencies of CD44+ CD8+ T cells in spleens of non-tumor 

bearing DIO mice, tumor infiltrating CD44+ CD8+ T cells were unchanged or trended 

toward decreased absolute cell numbers within tumors of HFD-fed animals compared to 
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LFD-fed (Figure 1D). These tumor-infiltrated T cells expressed similar levels of PD-1 

but an increased frequency expressed high levels of CD44 (Supplemental Figure 1E). 

Tumor macrophages, identified as CD11b and F480 double positive cells, were similarly 

unchanged or trending toward a decrease in total numbers in tumors from HFD-fed mice 

(Figure 1E). Phenotypically, however, DIO macrophages appeared to have decreased key 

M1-like characteristics (29). TAMs from HFD-fed mice expressed lower levels of iNOS 

and PD-L1 (Figure 1F, Supplemental Figure 1F). The composition of myeloid cells was 

also altered as fewer monocytic (Ly6C+CD11b+) and granulocytic (Ly6G+CD11b+) myeloid 

derived suppressor cells were present in the spleens of DIO tumor-bearing obese mice 

(Supplementary Figure 1G). The non-hematopoietic cells within the tumors, which were 

comprised largely of cancer cells, were also altered and had reduced expression of PD-

L1 (Supplemental Figure 1H). Given the role of IFNγ to induce PD-L1, these data are 

consistent with a heightened systemic inflammation, but with intra-tumoral inflammation 

reduced in HFD relative to that of LFD.

To better dissect the effects of DIO on the tumor immune landscape, single-cell RNAseq 

(scRNAseq) of the MC38 tumors was performed. Leukocytes were characterized by CD45 

expression and isolated from tumors in LFD and HFD mice for scRNAseq. Data were 

analyzed using SingleR to identify cell populations based on gene signatures (Figure 

2A). Most notable was the altered myeloid populations of HFD-fed, DIO tumors that 

revealed a decrease within the monocyte-identified clusters in addition to an increase within 

the macrophage-identified clusters (Figure 2B,C). The macrophage-identified TAMs had 

reduced CD274 (PD-L1), Tgfb and Tnfa expression in DIO mice (Figure 2D, Supplementary 

Figure 2). TAMs from DIO mice also had decreased and Il10 gene expression compared 

to TAMs from lean mice and appeared metabolically more quiescent, with reduced gene 

expression of glycolytic genes including Slc2a1 and Ldha and the metabolic regulatory gene 

Egln3 (PHD3) while the fatty acid oxidation gene Cpt1a was increased (Supplementary 

Figure 2). Tumor-resident CD8+ T cells decreased in frequency in DIO mice and had 

reduced expression of PD-1 and Granzyme B (Figure 2C,D). Expression of inflammatory 

cytokines including Ifng and Tnfa were not significantly different in CD8+ T cells within 

DIO tumors compared to tumors from lean mice (Supplemental Figure 2). Metabolic genes 

including, Cpt1a, Slc2a1, Ldha and Egln3 did not significantly differ in CD8+T cells from 

DIO tumors compared to lean mice. These results are consistent with other recent findings 

that reported reduced CD8+ T cells and lower levels of glycolysis genes and Egnl3 in tumors 

of obese mice (30). Our data further highlight substantial shifts in TAM populations in 

tumors of mice with DIO.

DIO Mice Experience Greater Magnitude Responses and Macrophage Reprogramming with 
Immunotherapy

Given the systemic and intratumoral effects of DIO on immune cell populations, we 

next tested the effects of obesity on immunotherapy efficacy. Lean and obese mice with 

subcutaneous MC38-CEA1 tumors were treated with anti-PD-1 antibodies starting on day 5 

post-injection and continued every two days until sacrifice on day 16. Anti-PD-1 antibody 

treatment reduced tumor volume in both obese and lean mice, but the decrease in tumor 

volume was larger for the obese mice (Figure 3A, Supplemental Figure 3A). Of note, 
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although the obese mice had a larger mean decrease in volume than the lean mice, the 

percent volume change of treated to control was not different between obese and lean 

mice (Supplemental Figures 3B,C). Although tumors were reduced in size with anti-PD-1 

treatment, we did not observe an increase in tumor infiltrating CD8+ T cells producing 

IFNγ or in numbers of TAMs (Supplemental Figure 3D,E). The phenotype of TAMs within 

treatment groups, however, did change. Tumors from the obese group treated with IgG only 

had a significantly smaller fraction of TAMs expressing MHCII than tumors from lean mice 

(Figure 3B). This was rescued, however, following treatment with anti-PD-1 as TAMs in 

obese mice regained MHCII compared to IgG controls. Gene expression analysis identified 

significant alterations in TAM from obese anti-PD-1 treated versus control IgG-treated 

mice that did not occur in lean mice (Figure 3C, Supplemental Figure 3F). Of note, pro-

inflammatory M1-associated genes were increased in HFD anti-PD-1 TAMs including Nos2, 

Il6, and Ccl5. CD274 (which encodes PD-L1), Arg1, and Kynu, were also upregulated, to 

suggest a generally activated and mixed phenotype with some characteristics of M2-like 

macrophages. Additionally, glucose transporter, Slc2a1 (Glut1) and phagocytosis associated 

gene Fcrb1 were increased in TAMs from anti-PD-1 treated obese mice compared to vehicle 

treated obese mice or lean mice. These findings show that anti-PD-1 can promote activation 

and reprogramming of TAMs and this effect is particularly evident in obesity.

Leptin Decreases Tumor Growth and Promotes TAM Repolarization

Leptin is an adipokine elevated in obesity that is correlated with elevated PD-1 levels 

on CD8+ T cells and reported to polarize macrophages to an M1-like phenotype (5, 

31–35). The effects of leptin on TAM polarization, however, are uncertain. Leptin was 

significantly elevated in the plasma of DIO mice compared to LFD mice (Figure 4A). 

The ability of leptin to induce M1-macrophage polarization was analyzed without the 

additional immune and hormone changes generated in DIO models by exogenous leptin 

injections in young, lean mice. Previous studies have shown that leptin-receptor positive 

cancer cell lines can exhibit increased proliferation with exogenous leptin (36). MC38 cells, 

however, do not express leptin receptors and provided an opportunity to study the effects 

of leptin on immune cells in the tumor microenvironment (37). Mice received leptin or 

PBS control injections intraperitoneally twice a day for two weeks before injecting the 

mice subcutaneously with MC38-CEA1 colon cancer cells. Consistent with leptin as a 

satiety signal, mice lost weight during the first week of treatment although much of this 

weight was regained during the second week of treatment (Supplemental Figure 4A)(38). 

Leptin injections were continued throughout the experiment. As anticipated, leptin had 

systemic effects to enhance inflammatory phenotypes, with increased expression of CD86 

and MHCII in splenic macrophages (Supplemental Figures 4B, C). Mice treated with leptin 

also had significantly smaller tumors than PBS-control treated mice to demonstrate that 

elevated leptin is sufficient to reduce overall tumor growth (Figure 4B, Supplemental Figure 

4D). Similar to elevated inflammatory states for splenic macrophages, leptin treatment also 

reversed some obese-mediated inhibitory effects on TAMs and led to greater expression of 

MHCII and a trend to increase CD86 on DIO TAMs, suggesting that leptin induced a more 

M1-like phenotype (Figure 4C).
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Acute Leptin Treatments Cooperate with PD-1 blockade Immunotherapy and Repolarize 
TAMs to M1 Phenotypes

Given the proinflammatory effects of chronic leptin treatments, we next tested if leptin 

could act as an immunotherapy to protect against established tumors. Leptin treatments were 

initiated alone or simultaneously with PD-1 blockade immunotherapy treatment on day 5 

post injection. The same MC38-CEA1 tumor model, immunotherapy, and leptin treatment 

dosing was used as in other experiments for this study. The leptin IgG, PBS anti-PD-1, 

and leptin anti-PD-1 treatment groups all had significantly smaller tumors than the control 

PBS IgG treated group, with leptin alone leading to comparable reductions in tumor size 

as anti-PD-1 alone (Figure 5A, Supplemental Figure 4E). The tumor growth curves exhibit 

a trend for smallest tumor volume in the leptin and anti-PD-1 co-treatment mice. The anti-

PD-1 monotherapy and leptin with anti-PD-1 co-treatment significantly decreased frequency 

of TAMs (Figure 5B, Supplemental Figure 4F). Ly6C+CD11b+ Monocytic MDSCs were 

also decreased with immunotherapy (Supplemental Figure 4G). The remaining TAMs in 

the leptin and anti-PD-1 co-treatment group, however, had the highest M1-like markers 

MHCII and iNOS2 (Figure 5C, D). Interestingly, anti-PD1 was more effective to repolarize 

macrophages to upregulate MHCII while leptin was more effective to induce iNOS 

suggesting a potential cooperative reprogramming of macrophages to more inflammatory 

states. These data suggest that while obesity reduces macrophages inflammatory states 

within tumors, leptin is sufficient to polarize TAMs to more inflammatory states, which may 

contribute to the obesity paradox of increased efficacy of immunotherapy.

Discussion

Our findings demonstrate a correlation between macrophage repolarization and enhanced 

immunotherapy efficacy in obese mice and suggest that leptin contributes to this effect. 

Leptin is sufficient to reduce tumor size and may also provide a novel approach to 

immunotherapy. Similar to previous findings, obese mice experienced a greater decrease in 

overall tumor volume than lean mice following immunotherapy (5, 6). While the mechanism 

by which obesity both promotes tumors and enhances immunotherapy responses remains 

uncertain, our flow cytometric and single cell RNAseq analyses point to significant changes 

in TAM populations in obesity that are reversed with immunotherapy. These findings are 

consistent with recent retrospective clinical studies identified that macrophage polarization 

improved prediction of immunotherapy efficacy (5, 39). Further, our data point to leptin as 

an inflammatory adipokine that can act as a new immunotherapy alone or combinational 

therapy to augment the effectiveness of PD-1 checkpoint blockade.

TAMs can play complex roles in tumor microenvironments and reflect a spectrum of 

phenotypes. TAMs can display phenotypes of classically activated M1-like or alternatively 

activated M2-like macrophages that can increase tumor initiation, progression, and 

metastasis rates (15, 40). We found a shift in TAM phenotypes with HFD to a weaker 

M1-like state compared to TAMs from lean control mice. Treatment with anti-PD-1 reversed 

this effect and TAMs from DIO mice treated with anti-PD-1 had similar M1-like phenotypes 

as the TAMs from lean mice. Interestingly, these anti PD-1 induced changes in macrophage 

polarization were most evident in obese animals. Anti-PD-1 therapy normalized TAM 
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polarization in obese and lean models despite the greater degree of dysregulated, M2-like 

polarization in TAMs of obese mice. The efficacy of M1-like TAMs in direct tumor 

cytotoxicity relative to their modulation of TIL cytotoxic activity in the tumor remains 

poorly understood, particulary in the context of obesity and immunotherapy. These shifting 

macrophage phenotypes may contribute to the obesity paradox by enhancing tumor growth 

in their native M2-like polarization while priming macrophages for more inflammatory 

states after immune checkpoint blockade treatment.

Although leptin is commonly known as an adipokine regulating appetite and fat storage, 

it has also been shown to activate the immune system and can be secreted in infections, 

autoimmune diseases, and obesity (11, 38). Leptin decreases the regulatory T cell population 

while promoting and activating the TH1 phenotype of cells (11). T cells exposed to leptin 

will subsequently have increased activation markers and cytokine production (11). In 

macrophages, leptin promotes an M1-like phenotype with increased phagocytic function, 

iNOS expression, and secretion of TNF-α, IL-6, and IL-12 (31, 41). Studies at the 

intersection of leptin, obesity, and macrophages have primarily focused on modulation of 

adipose tissue macrophage inflammation. Leptin deficiency repolarizes pro-inflammatory 

adipose tissue macrophages to a M2-like phenotype (33). Our study tested if leptin 

can repolarize TAMs to a M1-like phenotype, subsequently decreasing tumor size, and 

potentially enhance immunotherapy efficacy as was observed in obese mice. Both T cells 

and macrophages express leptin receptors that activate STAT3 and STAT1 respectively, and 

eventually result in PD-1 upregulation (42). Others have studied targeted effects of leptin 

on TILs and the associated decrease in tumor burden, but our data suggest a role for leptin 

to repolarize macrophages in immunotherapy (43). Exogenous leptin treatment did decrease 

bodyweight during the initial weeks of treatment, which in principle may influence tumor 

growth indirectly. However, the majority of bodyweight was recovered at the time of tumor 

injection suggesting that any leptin alterations to food intake had stabilized. Chronic leptin-

treated mice had significantly smaller tumors and an increased M1-macrophage phenotype. 

When combining leptin treatments with anti-PD-1 antibodies, the co-treated mice had the 

smallest tumors, the greatest decrease in TAM frequency, and the largest increase in M1-like 

polarization compared to monotherapy and control treated mouse tumors. Of note, elevated 

leptin in obesity can result in leptin resistance, and if exogenous leptin is provided to DIO 

mice, the macrophages do not polarize to an M1-like phenotype (44). DIO immunotherapy 

treated mice and the lean leptin and immunotherapy co-treated mice had a very similar 

immune profile compared to controls. In addition to assessing the effects of leptin on TAMs, 

it will also be important to consider the influence of leptin on cancer cells, as high leptin 

levels may also promote proliferation of some cancer types depending on expression of the 

leptin receptor(45).

Our data provide novel connections between obesity and leptin’s effect on TAM 

modification with tumor progression and immunotherapy response. While obese mice 

possessed increased tumor burden and decreased M1-like phenotype of TAMs compared 

to lean mice, immunotherapy treatment in obese mice repolarizes the TAMs to an M1-

like phenotype, which resulted in a larger decrease in tumor burden than in lean mice. 

Leptin may contribute to the increased M1-like macrophage polarization during anti-PD-1 

antibody treatment of obese mice, as was observed in the experiments with exogenous 
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leptin delivery. Importantly, lean mice given anti-PD-1 treatments alone did not show 

evidence of macrophage repolarization, suggesting that leptin is necessary for macrophage 

repolarization during immune checkpoint blockade. Further studies are needed to identify 

the exact interactions between leptin, TAMs, and immunotherapy as well as investigate 

other types of immunosuppressive cells. Nevertheless, our data show a dual role for obesity 

to both promote tumor progression while sensitizing to immunotherapy through elevated 

levels of leptin, which was sufficient to alter TAM polarization and promote anti-tumor 

immunity. Additionally, we show that leptin treatment reduces tumor growth and leptin 

together with anti-PD-1 co-treatment may ehance these anti-tumor effects. These studies 

highlight the importance of leptin in TAMs and suggest that leptin plays a key role to 

augment repolarizing of TAMs to increase immunotherapy efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Points

• Obesity enhances tumor growth while priming macrophage for inflammatory 

phenotypes.

• The obesity-associated hormone leptin is sufficient to enhance anti-tumor 

immunity.

• Leptin reprograms macrophages to complement PD-1 blockade 

immunotherapy.
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Figure 1. Obesity increases tumor growth and decreases anti-tumor inflammation
A. Five-week old C57BL/6 male mice were maintained on a control standard chow diet 

(n=8) or 60% kcal from fat high-fat diet (n=8) for 12 weeks and body weight was measured 

weekly. Two-way ANOVA with Tukey post-hoc test p values used. B. Spleens from mice 

on their respective diet for 12 weeks were processed into single cell suspensions and 

were analyzed by flow cytometry for cytotoxic T cells. Representative histogram of mean 

fluorescence intensity (MFI), and frequency of CD44+ splenic CD8+ T cells following diet 

treatment. C. C57BL/6 male mice on a control standard chow diet (n=10) or 60 kcal high-fat 

diet (n=10) for 12 weeks were injected subcutaneously with 105 MC38-CEA1 cells in 
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the right flank. Tumor growth over time measured by digital calipers for 16 days. Tumor 

volume calculated as (length x width2)/2. Tumors from mice with MC38-CEA1 tumors were 

collected 16 days post-injection and were processed into single cell suspensions before flow 

cytometric analysis. D. Absolute cell count of CD44+ cytotoxic CD8+ tumor-infiltrating 

lymphocytes (TILs) from LFD tumors (n=8) and HFD tumors (n=8). E. Frequency of 

CD11b+F4/80+Tumor-Associated Macrophages following diet treatment. F. Representative 

histogram of mean fluorescence intensity and frequency of iNOS+ TAMs following diet 

treatment. Two-tailed Mann Whitney test p values shown. *p < 0.05; ***p < 0.001; ****p < 

0.0001; ns, not significant.

Dudzinski et al. Page 18

J Immunol. Author manuscript; available in PMC 2022 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Obesity alters tumor immune cell landscape
A. UMAP plot with SingleR desgnations from single-cell RNA sequencing of CD45+ sorted 

intratumoral cells from lean and obese mice with subcutaneous MC38 tumors (3 tumors 

from each diet were pooled together in equal number of live cells). B. Density Gradient 

UMAP plots for LFD and HFD intratumoral cells. C. Frequency of singleR designated 

immune cell subtypes within respective diet. D. Violin Plots of Single cell gene expression 

of CD8+ T Cells and macrophages from CD45+ intratumoral cells in LFD and HFD 

Dudzinski et al. Page 19

J Immunol. Author manuscript; available in PMC 2022 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatments. Lack of statistical significance is indicated by “ns” while the other plots were at 

least p<0.05 significant following corrections.
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Figure 3. Tumor-associated macrophages repolarize in diet-induced obese anti-PD-1 treated mice
A. Tumor volume calculations over time following subcutaneous injeciton of 2.5 × 105 

MC38-CEA1 cells in the right flank in C57BL/6 male mice fed a control standard chow diet 

(n=10) or 60 kcal high-fat diet (n=10) for 12 weeks. On day 5 post tumor cell-injection, 

mice were injected with either 200 μg IgG control antibody or anti-PD-1 antibody. The 

injections continued every two days until tumors were collected on day 16 post-injection. 

Tumor volume calculated as (length x width2)/2. Two-way ANOVA with Tukey post-hoc test 

p values were used. B. MC38-CEA1 tumors from LFD IgG (n=10), LFD PD1 (n=10), HFD 

Dudzinski et al. Page 21

J Immunol. Author manuscript; available in PMC 2022 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IgG (n=10), and HFD PD1 (n=10) mice collected 16 days post-injection were processed 

into single cell suspensions. Representative histogram of MFI and frequency of MHCII+ on 

CD11b+F4/80+ TAMs measured by flow cytometry from LFD IgG (n=10), LFD PD1 (n=7), 

HFD IgG (n=10), and HFD PD1 (n=10). C. Unsupervised cluster analysis of differentially 

expressed metabolic mRNA transcripts from Nanostring analysis of sorted live CD45+ 

CD11b+ F4/80hi Ly6G− Ly6Clo CD3− CD19− NKp46− macrophages from MC38 tumor 

suspensions (n=3). Data are shown as mean± S.E.M., with all individual points shown. 

Ordinary one-way ANOVA test p values shown. *p < 0.05; **p < 0.01; ****p < 0.0001; ns, 

not significant.
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Figure 4. Leptin decreases tumor growth and promotes TAM repolarization
A. Plasma collected from MC38-CEA1 tumor-bearing C57BL/6 male mice on a control 

standard chow diet (n=6) or 60 kcal high-fat diet (n=8) was measured for leptin by ELISA. 

Two-tailed Mann Whitney test p values shown. B. Five-week old C57BL/6 male mice 

on a control standard chow diet were injected with either 200 μL of leptin (1 μg/g body 

weight) or PBS control twice a day for two weeks before subcutaneous injections with 

105 MC38-CEA1 cells were given in the right flank. Leptin injections continued twice 

daily throughout the tumor growth period. MC38-CEA1 tumor volume over time of PBS or 

leptin-treated mice measured using digital caliper. Two-way ANOVA with Tukey post-hoc 

test p values used. C. MFI and corresponding frequency of MHCII and CD86 expression 

on CD11b+ and F480+ TAMs. Data are shown as mean± S.E.M., with all individual points 

shown. Two-tailed Mann Whitney test p values shown. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5. Acute leptin treatments cooperate with PD1 blockade immunotherapy and repolarize 
TAMs to M1-like phenotypes
Five-week old C57BL/6 male mice were given subcutaneous injections with 2.5 × 105 

MC38-CEA1 cells in the right flank. On day 5 post tumor-injection, mice were injected with 

either 200 μg IgG control antibody or αPD-1 antibody, and the injections continued every 

two days. Additionally, on day 5 post-tumor injection, mice received either leptin (1 μg/g 

body weight) or PBS control twice a day. A. Tumor volume over time for the PBS IgG 

antibody (n=10), Leptin IgG antibody (n=10), PBS + anti-PD-1 antibody (n=10), and Leptin 

+ anti-PD-1 antibody continued until 16 days post-injection. Two-way ANOVA with Tukey 

post-hoc test p values used. B. Frequency of CD11b+ and F4/80+ TAMs. C. Frequency of 
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MHCII+ TAMs. D. Representative histogram and corresponding MFI expression of iNOS2 

in TAMs. Two-tailed Mann Whitney test p values shown. *p < 0.05; **p < 0.01; ***p < 

0.001, ****p < 0.0001.
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