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Abstract Bariatric surgery is a sustainable weight loss approach, including vertical sleeve gastrec-
tomy (VSG). Obesity exacerbates tumor growth, while diet-induced weight loss impairs progres-
sion. It remains unknown how bariatric surgery-induced weight loss impacts cancer progression or
alters response to therapy. Using a pre-clinical model of obesity followed by VSG or diet-induced
weight loss, breast cancer progression and immune checkpoint blockade therapy were investigated.
Weight loss by VSG or weight-matched dietary intervention before tumor engraftment protected
against obesity-exacerbated tumor progression. However, VSG was not as effective as diet in
reducing tumor burden despite achieving similar weight and adiposity loss. Leptin did not associate
with changes in tumor burden; however, circulating IL-6 was elevated in VSG mice. Uniquely, VSG
tumors displayed elevated inflammation and immune checkpoint ligand PD-L1+ myeloid and non-
immune cells. VSG tumors also had reduced T lymphocytes and markers of cytolysis, suggesting

an ineffective anti-tumor microenvironment which prompted investigation of immune checkpoint
blockade. While obese mice were resistant to immune checkpoint blockade, anti-PD-L1 potently
impaired tumor progression after VSG through improved anti-tumor immunity. Thus, in formerly
obese mice, surgical weight loss followed by immunotherapy reduced breast cancer burden. Finally,
we compared transcriptomic changes in adipose tissue after bariatric surgery from patients and
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mouse models. A conserved bariatric surgery-associated weight loss signature (BSAS) was identi-
fied which significantly associated with decreased tumor volume. Findings demonstrate conserved
impacts of obesity and bariatric surgery-induced weight loss pathways associated with breast cancer
progression.

Editor's evaluation

This study investigates how weight loss by bariatric surgery or weight-matched dietary intervention
impairs breast cancer growth as well as immunotherapy. This study can potentially provide some
therapeutic intervention strategies on combining vertical sleeve gastrectomy and immunotherapy in
treating breast cancer.

Introduction

Obese breast cancer patients, defined as having a BMI greater than 30, have worsened breast cancer
prognoses with elevated breast cancer invasion (Gillespie et al., 2010; Neuhouser et al., 2015),
distant metastases (Ewertz et al., 2011, Osman and Hennessy, 2015, Mazzarella et al., 2013),
tumor recurrence (Sestak et al., 2010; Biglia et al., 2013), impaired delivery of systemic therapies
(Anders et al., 2016; Ligibel et al., 2014), and high mortality (Calle et al., 2003; Azrad and Demark-
Wahnefried, 2014; Lin et al., 2021). Weight loss interventions focusing on dietary approaches and
exercise have demonstrated improved prognoses after a breast cancer diagnosis (Seiler et al., 2018,
Ligibel et al., 2017, Ligibel et al., 2019; Ligibel and Goodwin, 2012, Pierce, 2009). Pre-clinical
models support that weight loss through diet or physical activity prior to tumor onset is beneficial
to reduce obesity-associated tumor progression (Friedenreich et al., 2021, Lammert et al., 2018,
Goding Sauer et al., 2019, Das et al., 2021; Sundaram et al., 2014). Thus, intentional weight loss
prior to tumor onset is a potential intervention to reduce negative cancer outcomes.

Bariatric surgery, also known as metabolic surgery, is an effective intervention for obese patients
that leads to stable and sustained weight loss. Bariatric surgery primarily encompasses gastric banding,
Roux-en-Y gastric bypass, and vertical sleeve gastrectomy (VSG) (Bohm et al., 2022). VSG is currently
the least invasive and most common bariatric procedure (Alalwan et al., 2021). Patients who receive
a VSG have a reduction of 57% excess weight after 2 years, which remains relatively stable out to
10 years post-surgery (O’Brien et al., 2019). Remarkably, patients who undergo surgically induced
weight loss have a reduction in all-cause mortality up to 60% (Syn et al., 2021; Doumouras et al.,
2020; Aminian et al., 2022). Despite promising benefits of weight loss, weight loss regimens are not
yet widely adopted in cancer prevention, survivorship, or therapy. Our premise is that obese subjects
are exposed to chronic inflammation that leads to increased risk of cancer yet induces compensatory
immunosuppressive mechanisms or does not achieve a sufficient inflammatory threshold to protect
from cancer initiation in a failure of protective immunity. Importantly, bariatric surgery is protective
against subsequent risk of developing any cancer by 10-33% (Aminian et al., 2022; Zhang et al.,
2020b). Feigelson et al., 2020 described the greatest benefit in pre-menopausal estrogen receptor
negative cancer in patients after bariatric surgery. A meta-analysis of 11 studies with over 1 million
bariatric surgery patients demonstrated a significant 54% reduction in breast cancer incidence
compared to BMI-matched controls, regardless of patient age (Bruno and Berger, 2020; Schauer
et al., 2017; Lovrics et al., 2021). While there are no specific recommendations for weight loss nor
bariatric surgery in patients as a routine cancer prevention approach, the reduction in breast cancer
risk associated with weight loss should be further examined using a controlled model system to better
understand mechanisms impacting cancer progression and therapeutic efficacy.

Here, to investigate the impacts of obesity and bariatric surgery-induced weight loss on breast
cancer progression and response to therapy, we utilized female C57BL/6J mice, which are obesogenic
and immune competent. Once obese, mice were subjected to weight loss interventions including
bariatric surgery by VSG or dietary intervention as a weight-matched control. Mice not subjected
to VSG received a control sham surgery. Mice remaining obese or formerly obese mice that lost
weight by surgery or diet were subsequently implanted orthotopically with syngeneic breast cancer
cells to determine impacts on tumor progression, burden, and anti-tumor immunity. We found that
mice that received the VSG displayed reduced obesity-accelerated breast cancer compared to obese
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elLife digest As the number of people classified as obese rises globally, so do obesity-related
health risks. Studies show that people diagnosed with obesity have inflammation that contributes
to tumor growth and their immune system is worse at detecting cancer cells. But weight loss is not
currently used as a strategy for preventing or treating cancer.

Surgical procedures for weight loss, also known as ‘bariatric surgeries’, are becoming increasingly
popular. Recent studies have shown that individuals who lose weight after these treatments have a
reduced risk of developing tumors. But how bariatric surgery directly impacts cancer progression has
not been well studied: does it slow tumor growth or boost the anti-tumor immune response?

To answer these questions, Sipe et al. compared breast tumor growth in groups of laboratory mice
that were obese due to being fed a high fat diet. The first group of mice lost weight after undergoing
a bariatric surgery in which part of their stomach was removed. The second lost the same amount of
weight but after receiving a restricted diet, and the third underwent a fake surgery and did not lose
any weight. The experiments found that surgical weight loss cuts breast cancer tumor growth in half
compared with obese mice. But mice who lost the same amount of weight through dietary restrictions
had even less tumor growth than surgically treated mice.

The surgically treated mice who lost weight had more inflammation than mice in the two other
groups, and had increased amounts of proteins and cells that block the immune response to tumors.
Giving the surgically treated mice a drug that enhances the immune system’s ability to detect and
destroy cancer cells reduced inflammation and helped shrink the mice's tumors. Finally, Sipe et al.
identified 54 genes which were turned on or off after bariatric surgery in both mice and humans, 11
of which were linked with tumor size.

These findings provide crucial new information about how bariatric surgery can impact cancer
progression. Future studies could potentially use the conserved genes identified by Sipe et al. to
develop new ways to stimulate the anti-cancer benefits of weight loss without surgery.

sham-treated controls. However, the most effective blunting of tumor progression was detected in
weight-matched sham (WM-Sham) controls. Thus, bariatric surgery was effective at reducing tumor
burden but not to the same extent as weight-matched controls despite similar weight and adiposity
loss between the two groups. A potential mediator limiting the impacts of weight loss on tumor
progression after VSG was elevated IL-6, which upregulates the checkpoint ligand, programmed
death ligand 1 (PD-L1) on myeloid and non-immune cells, and reduced CD8+T cell content in tumors
uniquely in VSG-treated mice. Thus, we next determined if immune checkpoint blockade (ICB) after
VSG could improve tumor outcomes. We report that in mice after VSG, anti-PD-L1 was efficacious
to reduce breast cancer progression comparable to burdens detected in lean controls, while obese
mice were resistant to anti-PD-L1. Finally, using transcriptomic analysis of adipose tissue after bariatric
surgery from both patients and mouse models, we identified a conserved bariatric surgery-associated
weight loss signature (BSAS) that significantly associated with decreased tumor volume. In sum, our
study contributes critical observations regarding the impacts of obesity and bariatric surgery-induced
weight loss on breast cancer progression and response to immunotherapy that are relevant to this
rapidly emerging area of research and medicine.

Results

Surgical and dietary weight loss interventions reduced weight to the
same extent

To quantify impacts of bariatric surgery on cancer progression, weight loss was induced prior to tumor
implantation (study design, Figure 1A). Female C57BL/6J mice were weaned onto low fat diet (LFD)
to remain lean or onto high fat diet (HFD) to become obese. After 16 weeks on diet, HFD-fed mice
displayed marked diet-induced obesity (DIO, Figure 1B). A subset of DIO mice then underwent surgical
or dietary weight loss interventions. Surgically treated DIO mice received the VSG bariatric procedure,
wherein the lateral 80% of the stomach was removed, and the remaining stomach was sutured creating
a tubular gastric sleeve (Yin et al., 2012). VSG induced a significant and sustained weight loss of 20%
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Figure 1. Surgical and dietary weight loss interventions reduced tumor progression and burden compared to obese mice. (A) Schematic of diet-induced
obesity, weight loss intervention, and breast cancer cell injection in female C57BL/6J mice. Mice were fed obesogenic diets or kept lean for 16 weeks. At
20 weeks of age, mice were subjected to bariatric surgery or dietary intervention and sham surgery to stably reduce weights, while control high fat diet
(HFD) and low fat diet (LFD) fed mice received sham surgery to remain obese or lean, respectively. EO771 breast cancer cells were injected at 22 weeks
of age when weight loss stabilized. Tumor progression was quantified, and mice were sacrificed at endpoint 3 weeks later. (B) Weekly body weights

Figure 1 continued on next page
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Figure 1 continued

are shown as diet-induced obesity (DIO) is established over 16 weeks on HFD compared to lean control mice fed LFD (n=15). (C) Body weights were
measured biweekly after DIO mice were subjected to either bariatric surgery or dietary weight loss interventions. Four groups include: HFD-fed and
vertical sleeve gastrectomy (HFD-VSG, red) and weight-matched (WM) caloric restricted HFD-fed and sham (WM-Sham, blue) to mirror weight loss in
VSG group. These interventions were compared to controls continuously HFD-fed and sham (HFD-Sham, black) or continuously LFD-fed and sham (LFD-
Sham, gray). (D) Tumor volume quantified over 3 weeks. (C-D) Two-way ANOVA Fisher's LSD test for individual comparisons with *p<0.05, and **p<0.01
signifying HFD-Sham compared to all other groups and detailed in Supplementary file 1a and b, respectively. (E) Tumor volume and (F) tumor weight
at endpoint. (E-F) Mean + SEM one-way ANOVA with Fisher's LSD test. (B=F) n=15 LFD-Sham, n=17 HFD-Sham, n=14 HFD-VSG, and n=13 WM-Sham.
Mean + SEM *p<0.05, **p<0.01, and ***p<0.001.

of the starting body weight, despite being continuously maintained on HFD (HFD-VSG, Figure 1C,
detailed statistical comparisons within Supplementary file 1a). HFD-VSG mice lost weight to within
a few grams of lean LFD-sham treated control mice. Importantly, mice did not regain weight after the
VSG. Weight rebound has often been recorded in other studies in this time course (Arble et al., 2015;
Yin et al., 2011). To control for the effects of surgery, all other groups that did not undergo a VSG
received a sham surgery including perioperative procedures, abdominal laparotomy, anesthesia, and
analgesics with minimal impacts on weight maintenance (Figure 1A and C). To compare the impact of
VSG on breast cancer outcomes to weight loss per se, we employed a dietary weight loss intervention
initiated after sham surgery wherein mice were fed calorically restricted amounts of HFD to match the
weight loss and diet exposure of HFD-VSG treated mice, termed WM-Sham. As designed, WM-Sham
body weight loss was not significantly different from HFD-VSG (Figure 1C). By endpoint, 5 weeks after
surgical and diet interventions, both weight loss groups (HFD-VSG and WM-Sham) displayed signifi-
cantly reduced body weights compared to HFD-Sham obese control mice (Figure 1C). These results
demonstrate successful generation of complementary weight loss approaches to next investigate the
impacts of bariatric surgery-mediated weight loss on tumor progression.

Obesity-accelerated breast cancer progression was reversed by VSG
and dietary weight loss

To determine if surgical weight loss corrected obesity-associated breast cancer progression, E0771
syngeneic breast cancer cells were orthotopically implanted into the fourth mammary fat pad 2
weeks following weight loss interventions, when weight loss was stabilized (Figure 1A and C). Tumor
progression was quantified over 3 weeks (Figure 1A and D, detailed statistics within Supplemen-
tary file 1b). Breast cancer cell implantation and progression did not adversely impact body weight
(Figure 1C). HFD-Sham tumors were significantly larger than LFD-Sham by 1 week after cell implan-
tation. In mice that had lost weight, reduced tumor progression was observed compared to HFD-
Sham from 1.5 weeks after implantation (Figure 1D). At endpoint, tumors were measured by caliper,
then excised to quantify tumor mass. HFD-VSG tumors were significantly smaller than HFD-Sham
by volume and weight (Figure 1D-F). However, tumors in the WM-Sham group were significantly
smaller than HFD-VSG, despite identical body weights between the two weight loss approaches
(Figure 1C-F). In fact, tumor progression was blunted in WM-Sham controls such that at endpoint,
tumors in WM-Sham were not significantly different from tumors in LFD-Sham lean controls by volume
or weight (Figure 1D-F). Thus, dietary intervention in formerly obese mice was most impactful to
restore a lean-like tumor phenotype with minimal tumor progression evident and the smallest tumor
burden, while weight loss by VSG proved to be less impactful to blunt tumor progression compared
to weight-matched controls.

Adiposity and leptin were reduced in formerly obese mice

Increased adiposity is associated with obesity-worsened breast cancer (Houghton et al., 2021).
Surgical and dietary interventions resulted in a significant reduction in adiposity compared to HFD-
Sham obese control mice as early as week 1 post-surgery that stabilized 2 weeks after intervention
and persisted until endpoint (Figure 2A). Breast cancer cell implantation and progression from weeks
2 to 5 did not impact adiposity in any group (Figure 2A). In line with adiposity, HFD-Sham mice had
about 10-fold greater mammary fat pad and gonadal adipose mass compared to lean LFD-Sham
controls (Figure 2B-C). HFD-VSG and WM-Sham groups lost significant adipose mass compared to
HFD-Sham obese controls but not to the extent quantified in lean LFD-Sham mice (Figure 2A-C).
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Figure 2. Bariatric surgery reduced adiposity similarly to weight-matched controls yet increased inflammation

in mammary fat pad. (A) Fat mass was measured by EchoMRI. Mean + SEM is shown. Two-way ANOVA with
Fisher's LSD test, *p<0.05 all other groups compared to high fat diet (HFD)-Sham. (B) Mammary fat pad and

(C) gonadal adipose weights were measured at endpoint. (A-C) Mean + SEM is shown. n=15 low fat diet (LFD)-
Sham, n=17 HFD-Sham, n=14 HFD-vertical sleeve gastrectomy (VSG), and n=13 weight-matched sham (WM-
Sham). (D) Adipocyte diameter along the longest length was measured in hematoxylin and eosin sections of
uninjected contralateral mammary fat pad. Violin plot with median (solid line) and quartiles (dashed line) is shown.
Representative images at 20x are shown with 200 um represented by scale bar. N=5-7, n=50 adipocytes/sample.
(E) Circulating leptin concentration in plasma was measured at endpoint after 4 hr of fasting by Luminex assay.
N=13-15. (F) Row mean centered gene expression of Lep encoding for Leptin in uninjected contralateral mammary
fat pad was quantified by RNA sequencing (RNA-seq). Box and whiskers shown mean, min, and max. N=6-8.

(B-E). One-way ANOVA with Fisher’s LSD test. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. (G) Database

for annotation, visualization, and integrated discovery (DAVID) analysis of regulated inflammatory pathways in
mammary fat pads of HFD-VSG mice compared to WM-Sham mice. FDR: false discovery rate. (H) Heat map of row
mean centered gene expression in uninjected contralateral mammary fat pad by RNA-seq of genes contributing to
the significantly regulated Inflammatory response pathway (GO:0006954) determined by DAVID analysis. N=6-8.

Enlarged adipocyte size in the mammary fat pad is a mediator of obesity-associated inflammation
and impacts breast cancer progression (Laforest et al., 2021). Adipocyte size in the mammary fat
pad was enlarged in HFD-Sham compared to LFD-Sham mice (Figure 2D). HFD-VSG mammary fat
pads contained significantly smaller adipocytes compared to HFD-Sham but did not reduce size to
that of LFD-Sham (Figure 2D). Interestingly, WM-Sham mice retained significantly larger adipocytes
compared to HFD-VSG, despite similar loss of adiposity and identical mammary fat pad and gonadal
adipose depot weights (Figure 2A-D). Therefore, the association with greater adipocyte size and
larger tumor burden did not hold true in these models of formerly obese mice.

Leptin is associated with adiposity and adipocyte size and can signal to activate breast cancer
cell proliferation (Lengyel et al., 2018). Plasma leptin concentrations (Figure 2E) and leptin mRNA
expression in the mammary fat pad (Figure 2F) paralleled findings for endpoint adipocyte size
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(Figure 2D), with HFD-Sham displaying the greatest leptin plasma concentrations and mammary fat
pad expression. HFD-VSG reduced leptin concentrations in plasma and in adipose tissue compared
to HFD-Sham obese controls (Figure 2E-F). As in adipocyte size, despite comparable weight loss and
adipose mass between VSG and WM-Sham groups, WM-Sham had twofold greater leptin concen-
tration in plasma or expression in mammary fat pad compared to HFD-VSG (Figure 2E-F). Thus,
leptin-mediated signaling does not account for why VSG is less effective in reducing tumor burden
compared to weight loss alone.

Elevated inflammation was evident in mammary fat pad uniquely after
VSG weight loss intervention

Increased inflammation in the adipose has been reported in mouse models of VSG, with persistent
elevations in adipose tissue macrophages despite improvements in obesity-associated parameters
(Griffin et al., 2019, Frikke-Schmidt et al., 2017; Ahn et al., 2021; Poitou et al., 2015; Lengyel
et al., 2018). Thus, we investigated if inflammatory changes in the mammary fat pad reflect pathways
that could impact tumor burden using RNA sequencing (RNA-seq) analysis, database for annotation,
visualization, and integrated discovery (DAVID) pathway analysis, and gene set enrichment analysis
(GSEA). Compared to WM-Sham controls, HFD-VSG mammary fat pads reflected 5-10-fold elevation
of immune pathways, such as leukocyte migration, chemotaxis, and inflammatory response, among
others (Figure 2G). Examining key genes common to the inflammatory response pathways, compared
to LFD-Sham lean controls, HFD-Sham obese mice displayed elevated expression of many inflam-
matory genes such as chemokine receptor Ccr2 and growth factor receptor Csf1r, among others, as
expected with DIO (Figure 2H). Despite significant reductions in adiposity and adipocyte size after
VSG, mammary fat pads from HFD-VSG mice displayed evidence of persistent or exacerbated inflam-
mation compared to all groups including HFD-Sham obese controls (Figure 2H). In stark contrast,
compared to both HFD-Sham and HFD-VSG groups, mammary fat pads from WM-Sham treated mice
displayed greatly reduced inflammatory gene expression to levels similar to, or lower than, lean LFD-
Sham controls (Figure 2H). Taken together, the increased inflammatory response signature in the
mammary fat pads of HFD-VSG mice suggests the possibility of a more tumor permissive environ-
ment, particularly compared to WM-Sham controls.

Tumors displayed elevated inflammation and immune checkpoint ligand
expression in mice receiving VSG

Like the mammary fat pad, transcriptome analysis of tumors in mice after VSG intervention displayed
increased enrichment of inflammatory response as well as response to hypoxia pathways compared to
HFD-Sham tumors, indicating an inflamed and hypoxic tumor microenvironment (Figure 3A), whereas
these pathways were downregulated in tumors from WM-Sham mice (Figure 3A). Elevated pathways
in VSG tumors (Figure 3A) contain genes - specifically TIr2, Tlr13, Ifngr1, Ccl9, Hif1a, and Cybb - that
are established to increase immune checkpoint ligand PD-L1 expression (Figure 3B, Noman et al.,
2014; Yi et al., 2021). Therefore, we next queried immune checkpoint expression in the tumor micro-
environment to determine if elevated pathways and genes in the VSG-treated group could lead to
increased immune checkpoint ligand expression. Indeed, flow cytometry analysis revealed that the
frequency of PD-L1+ cells was significantly and uniquely elevated in tumors after VSG intervention
compared to all other groups in the CD45- fraction (Figure 3C). The CD45- fraction contains tumor
cells as well as other stromal cells such as fibroblasts, endothelial cells, adipose stromal cells, etc.
Furthermore, expression of PD-L1 quantified by mean fluorescent intensity (MFI) was also signifi-
cantly elevated in the CD45- fraction from HFD-VSG tumors (Figure 3D). In contrast, WM-Sham
intervention significantly reduced frequency of PD-L1+ non-immune cells and PD-L1 MFI relative to
tumors from HFD-VSG treated mice by 60 and 30%, respectively (Figure 3C-D). Pro-inflammatory
cytokines are associated with elevated PD-L1 through increased protein stability (Yi et al., 2021,
Chan et al., 2019; Li et al., 2020b; Lim et al., 2016). Therefore, we examined circulating IL-6 using
Luminex. Compared to HFD-Sham, circulating IL-6 was significantly elevated in HFD-VSG (Figure 3E).
In contrast, WM-Sham mice displayed a 3.3-fold significantly reduced concentration of IL-6 compared
to mice in the HFD-VSG group (Figure 3E). In EO771 breast cancer cells, treatment with IL-6 increased
PD-L1 MFI as quantified by flow cytometry. Similarly, GSEA revealed significant enrichment of the
hallmark 1L-6/Jak/STAT3 signaling pathway in tumors from HFD-VSG group compared to WM-Sham
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Figure 3. The tumor microenvironment displayed increased inflammation and immune checkpoint ligand
expression following bariatric surgery. (A) Database for annotation, visualization, and integrated discovery (DAVID)
analysis of regulated pathways and false discovery rate (FDR) for high fat diet (HFD)-vertical sleeve gastrectomy
(VSG) (red) and weight-matched sham (WM-Sham) (blue) relative to tumors from HFD-Sham mice is shown.

N=6-8. (B) Heat map of row mean centered gene expression in tumor by RNA sequencing (RNA-seq) of genes
contributing to significantly regulated inflammatory response pathway (GO:0006954) and response to hypoxia
pathway (GO:0001666) determined by DAVID analysis. N=6-8. (C) Flow cytometric analysis of CD45 negative
(CD45-) PD-L1+ non-immune cells in tumor is plotted as frequency of total live cells. (D) Mean fluorescent intensity
(MFI) of PD-L1 on CD45—- PD-L1+ cells in tumor is shown. N=4-5. (E) Circulating IL-6 concentration in plasma was
measured at endpoint after 4 hr of fasting by Luminex. N=8-14. (F) Flow cytometric analysis of PD-L1 MFI in EQ771
breast cancer cells after treatment with recombinant mouse IL-6 (200 pg/mL) for 4 hr. Mean = SEM is shown. One-
way ANOVA with Fisher's LSD test. *p<0.05, **p<0.01, and ***p<0.001. (G) Gene set enrichment analysis (GSEA) of
the hallmark pathway for IL6/JAK/STAT3 gene set from the Molecular Signatures Database of the Broad Institute is
reported in HFD-VSG tumors compared to WM-Sham controls. The normalized enrichment score (NES) and FDR
are shown.

tumors (Figure 3G). Overall, surgically induced weight loss increased tumor cell specific and circu-
lating inflammation and elevated the immune checkpoint ligand PD-L1 in the tumor microenviron-
ment suggesting the presence of impaired anti-tumor immunity (Ngiow and Young, 2020; Muenst
et al., 2014).

T cell tumor content and cytolysis were impaired after VSG

In the tumor microenvironment, high PD-L1 expression by tumor cells can dampen T cell-mediated
anti-tumor immune responses (Yi et al., 2021; Ngiow and Young, 2020; Muenst et al., 2014). There-
fore, we next investigated T cell content and associated activation pathways by flow cytometry and
RNA-seq (Wang et al., 2019). CD3+ T cell frequency in tumors from HFD-VSG mice was signifi-
cantly decreased compared to tumors from LFD-Sham control mice (Figure 4A). In contrast, CD3+
T cell frequency in weight-matched controls was significantly greater compared to content in tumors
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Figure 4. Vertical sleeve gastrectomy (VSG) reduced CD8+ tumor T lymphocyte frequency and markers of T cell activation demonstrating impaired

anti-tumor immunity. (A-B) Flow cytometric analysis of tumor (A) CD3+ T cells and (B) CD8+ T cells is shown as frequency of total live cells. N=8-12.
(C) Analysis of tumor CD8+ T cell content from RNA sequencing (RNA-seq) data using the cell-type identification estimating relative subsets of RNA
transcripts (CIBERSORT)-Abs algorithm in TIMER2.0. N=6-8. (D) Database for annotation, visualization, and integrated discovery (DAVID) analysis of

Figure 4 continued on next page
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regulated pathways for low fat diet (LFD)-Sham (gray), high fat diet (HFD)-VSG (red), and weight-matched sham (WM-Sham) (blue) relative to tumors
from HFD-Sham mice. N=6-8. (E) Heat map of row mean centered gene expression in tumor by RNA-seq of genes contributing to the significantly
regulated T cell signaling pathway (mmu046640 and false discovery rate [FDR] 6.83) and (F) cytolysis (GO:0019835 and FDR 1.25) as determined by DAVID
analysis. N=6-8. (G) Flow cytometric analysis of tumor PD-L1+ monocytic myeloid derived suppressor cells (M-MDSC) shown as frequency of total M-
MDSC. N=5. (H) Flow cytometric analysis of tumor PD-L1+ macrophages shown as frequency of total macrophages. N=5. (A-C and G-H) Mean + SEM
are shown. One-way ANOVA with Fisher’s LSD test *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. CD3+ and CD8+ T cell frequencies and CD3+ PD-1 expression by MFI were unchanged in tumor draining lymph node (TdLN)

and tumors.

after VSG (Figure 4A). Obesity has been shown to decrease CD8+ cytotoxic tumor T cells (Wang
et al., 2019, Pingili et al., 2021) which was evident, but not significant, in this study comparing lean
LFD-Sham to obese HFD-Sham controls (Figure 4B-C). Obesity-driven CD8+ T cell reductions were
not corrected in tumors from formerly obese HFD-VSG mice by both flow and RNA-seq cell-type
identification estimating relative subsets of RNA transcripts (CIBERSORT) analysis using TIMER2.0
(Figure 4B-C). Importantly, obesity-driven reductions in CD8+ T cell frequencies were reversed in
tumors from WM-Sham control mice and corrected to levels found in tumors from lean LFD-Sham
controls (Figure 4B-C). Transcriptomic analysis revealed that T cell specific signaling pathways and
genes in the tumor mirrored T cell content (Figure 4D-E). Lowest T cell signaling gene signature
expression was evident in tumors from HFD-Sham and HFD-VSG mice, with some correction in
WM-Sham mice toward levels detected in lean LFD-Sham controls (Figure 4D-E). Of note, CD3+
and CD8+ T cell frequencies were unchanged in the tumor adjacent mammary fat pad and tumor
draining lymph node (TdLN) (Figure 4—figure supplement 1A-B), suggesting T cell changes were
specific to the tumor microenvironment. Furthermore, neither T cells in tumor nor TdLN displayed
changes in PD-1 expression measured by MFI (Figure 4—figure supplement 1C-D).

A critical function of anti-tumor immune cells is effective cytolytic activity (Wang et al., 2019).
RNA-seq analysis showed that the cytolysis pathway was significantly and potently downregulated by
17-fold in HFD-VSG tumors compared to obese HFD-Sham controls (Figure 4D). In contrast, tumors
from the WM-Sham intervention group displayed the greatest activation with over 20-fold increase
in the cytolysis pathway (Figure 4D). Genes in the cytolytic pathway were greatly downregulated in
HFD-VSG tumors compared to all other groups including granzymes and fas ligand (Gzmb, Prf1, Fasl,
Gzme, and Gzmf), while gene expression was reversed to lean-like levels in tumors from WM-Sham
mice (Figure 4F).

To investigate potential mechanisms known to impact T cell signaling and activation such as elevated
cytolysis markers including granzymes, we next examined immune cells that impair T cell activation
by flow cytometric analysis. HFD-VSG tumors displayed elevated PD-L1+ monocytic myeloid derived
suppressor cells (M-MDSC, Figure 4G) and macrophages (Figure 4H) relative to all other diet and
surgical groups. Compared to HFD-VSG tumors, M-MDSC displayed a significant 2.9-fold reduction
in tumors in the WM-Sham group. Similarly, compared to HFD-VSG tumors, PD-L1+ macrophages
displayed a significant 1.76-fold reduction in tumors in the WM-Sham group (Figure 4G-H, respec-
tively). PD-L1+ is a marker of immunosuppressive capacity. PD-L1+ M-MDSCs and macrophages
would impair T cell activation by inducing apoptosis or exhaustion (Crespo et al., 2013; Adeshakin
et al., 2022; Hou et al., 2020). Taken together, weight-matched control mice displayed uniquely
restored T cell content and signaling pathways that were depressed by obesity which suggests an
apparent effective anti-tumor response aligning with reduced tumor burden. Plus, PD-L1+ cells asso-
ciated with immunosuppressive capacity were greatly reduced in WM-Sham tumors. In contrast, mice
after VSG displayed a tumor microenvironment that resembled persistent obesity or elevated pres-
ence of PD-L1+ immunosuppressive MDSCs and macrophages, with reduced T cell content and cyto-
lytic markers, despite comparable weight loss with weight-matched controls.

Anti-PD-L1 therapy was more efficacious in VSG mice

The elevation of tumor immune checkpoint ligand PD-L1 after bariatric surgery may be one mecha-
nism that underlies why surgical weight loss was less effective in reducing obesity-worsened tumor
growth compared to weight loss alone. Therefore, we hypothesized that ICB would re-invigorate
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the anti-tumor immune response in mice after VSG to reduce tumor burden. Higher expression of
PD-L1 in tumors is associated with longer overall survival in patients treated with ICB (Liu et al.,
2020). Mice were weaned onto diets and received surgical or dietary weight loss interventions prior
to tumor engraftment as above (Figure 1A). Mice were then treated with anti-PD-L1 or isotype
control IgG2b. Anti-PD-L1 did not affect body weight, mammary fat pad, or gonadal adipose weight,
suggesting no negative impacts on systemic homeostasis (Figure 5—figure supplement 1). In LFD-
Sham lean controls, despite the tumor being sixfold smaller than in obese mice at baseline, anti-PD-L1
significantly reduced tumor growth over time (Figure 5A). HFD-Sham mice were completely resis-
tant to ICB (Figure 5A-B). Notably, anti-PD-L1 significantly reduced tumor progression in HFD-VSG
(Figure 5A), with significantly reduced tumor volume at endpoint (Figure 5B). In line with an already
active anti-tumor immune response, ICB was moderately and insignificantly effective in WM-Sham
mice (Figure 5A-B). Thus, ICB was efficacious in reducing tumor progression in mice after HFD-VSG
to sizes comparable to tumors found in lean mice.

ICB restores cytotoxic T cell function, thus re-establishing effective anti-tumor immunity (Ngiow and
Young, 2020). While there were not significant differences in mean CD8+ T cell content at endpoint
(Figure 5C), evidence of cytolytic capacity is upregulated in VSG tumors treated with anti-PD-L1 with
increased Ifng, Gzmb, and Prf1 expression (Figure 5D-F). Our results suggest that ICB compensates
for an ineffective anti-tumor immunity associated with elevated PD-L1 expression in the tumors of
VSG mice to restore markers of cytotoxic T cell response, which leads to reduced tumor burden.

A BSAS derived from patient and murine adipose tissue associates with
tumor burden

To determine if genes associated with weight loss after bariatric surgery are conserved across species,
we compared subcutaneous adipose tissue biopsies from female human subject samples before and
after bariatric surgery using a publicly available dataset (Poitou et al., 2015) with mammary fat pad
tissue isolated from HFD-Sham and HFD-VSG mice in study 1 above (Figure 6A). When comparing
transcriptomic changes in adipose tissue after bariatric surgery from both humans and mouse models,
there were 54 differentially expressed genes (DEGs) in common (Figure 6A), which we termed the
BSAS (Supplementary file 1c). Overlapping DEGs identified pathways involved in metabolism and
adipose tissue remodeling after weight loss and immune system processes by DAVID pathway anal-
ysis (Figure 6B). We next examined the relationship between BSAS and tumor burden in our models
with divergent tumor growth patterns. Of the 54 genes in this BSAS, 11 genes significantly correlated
to volumes of HFD-Sham and HFD-VSG tumors, which is shown in Figure 6C. We termed these 11
genes the tumor associated BSAS (T-BSAS) gene signature (Figure 6C). Seven of the genes were
downregulated by obesity and reversed by VSG specific weight loss including Ido1, Aldoc, Tmem125,
Dgki, Slc7a4, Msc, and Ephb3, while four were inversely regulated with obesity elevating Klh/5, Neké,
Arhgap20, and Hp. For example, Ido1 expression relative to tumor size shows a significant negative
correlation (Figure 6D). Overall, compared to the HFD-Sham obese group, the T-BSAS signature in
HFD-VSG tumor largely resembled tumors from LFD-Sham (Figure 6C). This multi-species approach
uniquely demonstrates conserved transcriptional responses impacted by bariatric surgery that asso-
ciates with tumor burden.

Discussion

Obesity was identified as a cancer risk factor almost 20 years ago, with 13 obesity-associated cancers
now recognized (Calle et al., 2003; Lauby-Secretan et al., 2016). Obesity negatively impacts many
cancer outcomes and is thus a potential modifiable factor (Bohm et al., 2022, Bhardwaj and Brown,
2021). Murine models examining weight loss through diet switch, caloric restriction, or time-restricted
feeding (fasting) support that weight loss impairs tumor progression (Das et al., 2021; Lv et al.,
2014; Hursting et al., 2003; Qin et al., 2016). However, dietary weight loss alone is minimally effec-
tive for patients and difficult to maintain. The use of bariatric surgical approaches to induce durable
weight loss is increasing in prevalence. In this study, to investigate the impacts of weight loss by
bariatric surgery on subsequent tumor burden, we first established a murine model wherein once
weight loss is stabilized, cancer cells were orthotopically implanted to examine progression and
burden. We show that tumor growth in formerly obese mice that lost weight through either bariatric
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Cancer Biology

Figure 5. Immune checkpoint blockade re-invigorated the anti-tumor immune response in mice after bariatric surgery. Diet-induced obesity (DIO)
mice were subjected to either surgical or dietary weight loss interventions and compared to lean or obese controls similar to Figure 1A. After weight
stabilization at 2 weeks, mice were injected with EQ771 cells, as above. Mice were either treated with anti-PD-L1 or IgG2b isotype control every 3 days
until sacrifice at 3 weeks after cell injection. (A) Mean tumor growth in each diet group treated with anti-PD-L1 or IgG2b isotype control is shown.

Figure 5 continued on next page
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(B) Tumor volume at endpoint. (C) Flow cytometric analysis of CD8+ T cells as frequency of total live cells in tumor. (D) Relative gene expression
normalized to 18S of Ifng (E), Gzmb, and (F) Prf1in tumors. (A-F) Mean = SEM. N=5-8. Two-way ANOVA with Fisher’s LSD test. Only relevant statistical
comparisons are shown for clarity. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.

The online version of this article includes the following figure supplement(s) for figure 5:

Figure supplement 1. Immune checkpoint blockade did not alter body weight or adiposity.

surgical intervention with VSG or weight-matched controls were effective at blunting breast cancer
progression and reducing tumor burden. Thus, in mice from the VSG group and weight-matched
control groups, results suggest that tumor responses aligned with adiposity not diet exposure. Both
groups were fed the same HFD as obese mice which presented with the greatest adiposity and largest
tumors, suggesting that diet per se is not as important as adiposity in driving tumor progression.
However, bariatric surgery only partially reduced obesity accelerated breast cancer progression while
weight-matched controls effectively blunted growth to a lean-like phenotype.

Some mechanisms linking obesity-driven breast cancer include elevated adipokines, chronic inflam-
mation, and dampened anti-tumor immune response (Lengyel et al., 2018; Naik et al., 2019). We
examined multiple factors associated with obesity and metabolic dysfunction, including extent of
weight loss, adiposity, mammary fat pad adipocyte size, and local or circulating leptin levels; none
were associated with changes in tumor burden in formerly obese mice. However, RNA-seq analysis of
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Figure 6. Conserved adipose bariatric surgery-associated weight loss signature associated with tumor volume. (A) Venn diagram of differentially

expressed genes (DEGs) from obese and lean patient subcutaneous adipose tissue before and 3 months after bariatric surgery, respectively, compared
to obese high fat diet (HFD)-Sham and lean HFD-vertical sleeve gastrectomy (VSG) mammary fat pad. (B) Database for annotation, visualization, and
integrated discovery (DAVID) pathways enriched in the overlapping DEG are indicated. (C) A tumor bariatric surgery-associated weight loss signature
(T-BSAS) signature was identified as a subset of BSAS genes that significantly correlated to tumor volume. Heat map of row mean centered expression
of T-BSAS genes in the mammary fat pad by RNA sequencing (RNA-seq). (D) Tumor volume compared to unaffected mammary fat pad (MFP) gene
expression of IdoT is plotted. Simple linear regression (red line) for HFD-Sham and HFD-VSG groups is shown (R*=0.31 and p=0.026).
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the tumor and mammary fat pad demonstrated critical inflammatory pathways regulated by obesity
and weight loss. Despite a significant reduction in tumor burden compared to obese HFD-Sham mice,
VSG-treated mice demonstrated upregulated mammary fat pad inflammation to levels greater than
those of obese mice. Our finding of elevated inflammation in the mammary fat pad after VSG is
consistent with several studies reporting inflammation in adipose depots following bariatric surgery
in murine models (Griffin et al., 2019; Frikke-Schmidt et al., 2017, Ahn et al., 2021; Poitou et al.,
2015; Harris et al., 2020). The persistent inflammation identified after bariatric surgery in adipose
tissue could be due to adipose remodeling following rapid weight loss or wound repair signaling from
the surgical injury itself. However, these inflammatory changes to the mammary fat pad were uniquely
induced by the VSG bariatric surgery, not likely due to surgery itself, since all other groups received
a sham surgery as controls. In addition to the mammary fat pad, we report activation of inflammatory
and hypoxic pathways in the tumors of mice after VSG but not in other interventions. Therefore, future
studies to determine the extent and timing of bariatric surgery associated remodeling in both murine
models and humans are warranted. While the murine model presented herein demonstrated success-
fully stabilized weight loss, most other reports demonstrate weight rebound within a few weeks post-
surgery, which should be optimized in future cancer studies (Arble et al., 2015; Yin et al., 2011).

We posited that inflammation, including circulating and the surrounding adipose and tumor, led
to dramatic elevations in PD-L1 expression on non-immune and myeloid cells detected uniquely
after VSG. The CD45- fraction contains tumor cells as well as other stromal cells such as adipocytes,
adipose stromal cells, mesenchymal stem cells, mast cells, etc. which have been reported to express
PD-L1 (Wu et al., 2020; Wu et al., 2018, Hirano et al., 2021). It is likely that several cell types display
elevated PD-L1 in the tumor microenvironment. PD-L1 is stabilized by pro-inflammatory cytokines
such as IL-6 (Yi et al., 2021; Chan et al., 2019). Depressed CD3+ and CD8+ T cell content and
dampened expression of T cell cytolytic markers detected in tumors after VSG intervention could have
hindered effective anti-tumor immunity after bariatric surgery-associated weight loss. These changes
in PD-L1 on non-immune and myeloid cells, and T cell content and signaling, or cytolytic pathway
were not present in the weight-matched controls despite this group losing the same amount of weight
as VSG intervention. In fact, weight-matched controls had significantly elevated cytotoxic T cell tumor
content and evidence of cytolytic function and reduced PD-L1+ immunosuppressive M-MDSCs and
macrophages which associate with reduced tumor burden. Taken together, it is likely that the elevated
PD-L1+ CD45- cells after VSG, as well as PD-L1+ macrophages and M-MDSCs led to reduced T cell
signaling and activation, which would reduce CD3+ and CD8+ T cell content (Crespo et al., 2013;
Nelson et al., 2021).

Tumor inflammation and hypoxia increase expression of PD-L1 within the tumor microenviron-
ment (Yi et al., 2021). Inflammation in the obese tumor microenviroment further exacerbates immune
checkpoint expression and PD-L1+ cells thus enabling worsened outcomes (Li et al., 2020b; Wang
et al., 2019; Woodall et al., 2020; Cha et al., 2018). Patient tumors with high PD-L1 expression are
enriched in inflammation, cell adhesion, and angiogenesis pathways (Qi et al., 2020; Billon et al.,
2019), which were pathways upregulated in tumors after VSG. Furthermore, tumors from mice that
received VSG had high expression of genes that are also enriched in patient tumors that are positive
for PD-L1 including Mefv, Selp, Sema7a, and Cysltr1 (Billon et al., 2019) which are critically linked
to responsiveness to ICB. Increasing evidence supports that obesity improves immunotherapy effi-
cacy in melanoma and other cancers, and studies in breast cancer are ongoing (Richtig et al., 2018,
McQuade et al., 2018; Cortellini et al., 2019). Here, we report for the first time that anti-PD-L1 was
most effective in reducing tumor burden in the mice that received VSG to induce weight loss, with
restored expression of cytolytic genes. Taken together, we have identified unique anti-tumor efficacy
of anti-PD-L1 in mice after VSG.

Finally, we determined genes associated with weight loss after bariatric surgery conserved across
species. We took advantage of published transcriptomes of subcutaneous adipose tissue from
female patients before and after bariatric surgery in comparison with mammary fat pad expression
from obese and formerly obese mice after VSG bariatric surgery. We identified a novel weight loss
signature specific to bariatric surgery conserved between mice and humans, termed BSAS. Path-
ways associated with metabolism, remodeling, and immune cells were identified from conserved
genes. Because our study consisted of surgical versus dietary interventions and cancer progres-
sion, we are in the unique position to compare BSAS transcriptomic changes to tumor outcomes,
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which we termed T-BSAS. We demonstrate that a subset of 11 key genes in the T-BSAS signature
was associated with tumor outcomes in our mouse models. For example, Ido1, indoleamine 2,
3-dioxygenase, is part of the rate limiting enzyme that metabolizes L-tryptophan to N-formylky-
nurenine. The conserved BSAS gene list demonstrated that compared to obese state, Ido1 was
increased by bariatric surgery in both mouse and human. Of note, Ido1 was not elevated by WM-in-
duced weight loss in our study (data not shown), which suggests that changes in Ido1 expression
could be a specific response to surgically induced weight loss. Over-expression of IDO depletes
tryptophan, leading to accumulation of tryptophan metabolites which can induce immunosuppres-
sion. Thus, IDO plays a central role in immune escape through reduced CD8+ T cell activation and
increased T cell death (Zhai et al., 2020) with multiple IDO inhibitors under investigation (Tang
et al., 2021). We previously reported that Ido1 expression in the tumor adjacent mammary fat pad
was decreased after anti-PD-1 immunotherapy in obese mice (Pingili et al., 2021). Thus, the aber-
rant upregulation of IDO after bariatric surgery-induced weight loss is one potential mechanism
limiting anti-tumor immunity in our VSG model that remains under investigation. One limitation
of our study is that this study examines just a single syngeneic orthotopically transplanted model
wherein we have examined impact of obesity and weight loss on tumor progression and response
to immunotherapy. Future work will investigate other cancer models; however, few models exist to
study both highly obesogenic strains and breast cancer (Bohm et al., 2022). Additionally, variables
such as duration of obesity, extent of surgery, and time post-recovery will likely impact immune
parameters and should be investigated in pre-clinical and patient settings. It is also possible that
different dosing or timing of ICB or combination therapy would demonstrate a greater inhibition of
tumor progression.

In patients, weight loss has been shown to improve prognosis after breast cancer has already
been diagnosed (Seiler et al., 2018; Chlebowski et al., 2006; Patterson et al., 2018). In practice,
preventing obesity or promoting weight loss has been a difficult and complex public health challenge.
Important retrospective work has shown that patients who underwent bariatric surgery had reduced
risk of both pre-menopausal and post-menopausal breast cancer with a 64% reduced risk in pre-
menopausal ER-tumors, typically the most aggressive tumors with the worst outcomes (Feigelson
et al., 2020). Furthermore, reduced recurrence and mortality from cancer have been observed in
bariatric surgery patients (Aminian et al., 2022, Bruno and Berger, 2020; Zhang et al., 2020a)
although underlying mechanisms remain unclear. A major question remains regarding whether reduc-
tions in cancer risk and outcomes are associated with weight loss per se or are due to bariatric surgery-
specific benefits, which are inherently challenging to delineate in patients (Schauer et al., 2017,
Alvarez et al., 2018). Taken together, additional prospective studies are necessary to determine if
intentional weight loss through surgery offers significant promise as an approach that could be highly
impactful for reducing cancer burden and potentially improving therapy (Courcoulas, 2022).

In sum, despite successful and sustained weight loss, tumors in formerly obese mice that received
VSG bariatric surgery failed to display sufficiently improved anti-tumor immunity like controls that
lost similar amounts of weight. Elevated inflammation in the mammary fat pad and tumor reduced
cytotoxic T cells suggested an ineffective anti-tumor milieu after VSG. Anti-PD-L1 immunotherapy
was able to improve tumor outcomes in surgical weight loss mice. Ultimately bariatric surgery is
the most effective long-term weight loss solution and could be considered in cancer prevention for
high-risk obese patients to reduce cancer risk or recurrence. Clinical trials are underway in some
severely obese patients with studies examining changes in breast density and breast cancer risk
after bariatric surgery (ClinicalTrials, 2021), reviewed by Bohm et al., 2022. Understanding how
obesity impacts breast cancer anti-tumor immunity and determining effective weight loss strat-
egies to maximize response to therapies will be valuable. In this study, we queried response to
ICB in obese and weight loss models, but response to chemotherapy and radiation therapy and
combined therapies are also important areas of investigation to advance the field. Because one-
third of Americans are considered obese and 9.2% currently severely obese (Hales, 2020), this
study is an important first step in understanding bariatric surgery impacts on cancer progression
and immunotherapy.

Materials and methods
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Reagent type
(species) or resource  Designation Source or reference  Identifiers Additional information
Strain and strain
background (Mus The Jackson
musculus) C57BL/6J Laboratory JAX:000664 Female
Cell purchased from ATCC
and transfected with luciferase
Cell line (Mus Korkaya (Ouzounova (Ouzounova et al., 2017) were
musculus) Breast cancer et al., 2017) E0771-luciferase a generous gift from Korkaya.
Anti-mouse CD45
violetFluor 450 Cat#
Antibody (Rat monoclonal) Tonbo Biosciences 75-0451 U025 (1:40)
Anti-mouse CD3¢e
Brilliant Violet 785
(Armenian Hamster Cat#
Antibody monoclonal) BioLegend 100,355 (1:40)
Anti-mouse CD8a
FITC Cat#
Antibody (Rat monoclonal) Tonbo Biosciences 35-0081 U025 (1:100)
Anti-mouse CD274
Brilliant Violet 711 Cat#
Antibody (Rat monoclonal) BioLegend 124,319 (1:10)
Anti-mouse PD-1
Brilliant Violet 421 Cat#
Antibody (Rat monoclonal) Biolegend 135,217 (1:10)
Anti-mouse CD11b
Red-Fluor 710 Cat#
Antibody (Rat monoclonal) Tonbo Biosciences 80-0112 U025 (1:20)
Anti-mouse Ly-6C
APC Cat#
Antibody (Rat monoclonal) Biolegend 128,015 (1:40)
Anti-mouse Ly-6G
PerCP-Cyanine 5.5 Cat#
Antibody (Rat monoclonal) Tonbo Biosciences 65-1276 U025 (1:40)
Anti-mouse F4/80
PE Cat#
Antibody (Rat monoclonal) Tonbo Biosciences 50-4801 U025 (1:40)
Peptide, recombinant Shenandoah
protein Interleukin-6 Biotechnology Inc Cat# 200-02 (200 pg/mL)
Sequence-based lfng F.GGATGCATTCATGAGTATTGC
reagent Primer IDT R:GTGGACCACTCGGATGAG
Sequence-based Prf1 F:GAGAAGACCTATCAGGACCA,
reagent Primer IDT R:AGCCTGTGGTAAGCATG,
Sequence-based Gzmb F:CCTCCTGCTACTGCTGAC,
reagent Primer IDT R:GTCAGCACAAAGTCCTCTC
Sequence-based Gzmb F:TTCGGAACTGAGGCCATGATT,
reagent Primer IDT RTTTCGCTCTGGTCCGTCTTG
Anti-PD-L1
Antibody (Rat monoclonal) BioXcell Clone 10 F9G2, #BE0101 (8 mg/kg)
1gG2b isotype
control
Antibody (Rat monoclonal) BioXcell Clone LTF-2, #BE0090 (8 mg/kg)
Reagents

All reagents were obtained from Sigma-Aldrich (St. Louis, MO) unless otherwise noted. Fetal bovine
serum (FBS, Gibco, Waltham, MA), RPMI 1640 (Corning, Tewksbury, MA), 100x L-glutamine, 100x
penicillin/streptomycin HyClone (Pittsburgh, PA), and Gibco 100x antibiotic mix were obtained from
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Thermo Fisher (Waltham, MA). Matrigel is from Corning (Tewksbury, MA). Antibodies for flow are
described in key resources table and purchased from Tonbo (San Diego, CA), Thermo Fisher, and
Biolegend (San Diego, CA).

Mice and diets

Animal studies were performed with approval and in accordance with the guidelines of the Institu-
tional Animal Care and Use Committee (IACUC) at the University of Tennessee Health Science Center
(Animal Welfare Assurance Number A3325-01) and in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. The protocol was approved under the protocol
identifier 21.0224. All animals were housed in a temperature-controlled facility with a 12 hr light/
dark cycle and ad libitium access to food and water, except where indicated. Three-week-old female
C57BL/6J (Jackson stock number: 000664) mice were shipped to UTHSC and acclimated 1 week.
Four-week-old mice were randomized to either obesogenic HFD (D12492i — 60% kcal derived from
fat) or LFD (D12450Ji- 10% kcal derived from fat) from Research Diets Inc (New Brunswick, NJ) for
16 weeks (age 4 weeks to 20 weeks old, study design Figure 1A). Mice resistant to DIO, as defined
by less than 28 g after 16 weeks of HFD, were excluded from the study. DIO mice received either a
bariatric surgery or sham control surgery and dietary intervention as described below.

Body weight and composition
Body weight was measured 2x/week. Body composition including lean mass, fat mass, free water
content, and total water content of non-anesthetized mice was measured weekly using EchoMRI-100

quantitative magnetic resonance whole body composition analyzer (Echo Medical Systems, Houston,
TX).

Vertical sleeve gastrectomy

To reduce bariatric surgery-associated weight loss, perioperative measures included providing liquid
diet (Ensure Original Milk Chocolate Nutrition Shake, Abbott, Chicago, IL) and DietGel recovery (Clear
H,O, Portland, ME, ID# 72-06-5022) 1 day before surgery to all mice. At 4 hr before surgery, solid
food was removed to reduce stomach contents. For 4 hr pre-surgery, mice were maintained half on
half off a heat pad in clean new cages. Surgery was performed under isoflurane anesthesia. VSG was
performed as previously described (Yin et al., 2012) with additional control dietary intervention for
comparison of weight loss approaches. The stomach was clamped, and the lateral 80% of the stomach
was removed with scissors. The remaining stomach was sutured with 8-0 to create a tubular gastric
sleeve. All treatment groups not receiving VSG had a sham surgery performed. For sham, an abdom-
inal laparotomy was performed with exteriorization of the stomach. Light pressure with forceps was
applied to the exteriorized stomach. For both VSG and sham surgeries, the abdominal wall was closed
with 6-0 sutures and skin closed with staples. Mice received carprofen (5 mg/kg, subcutaneous, once
daily) as an analgesic immediately prior to and once daily for 3 days following surgery. Mice were
given 1 mL saline at time of surgery. Perioperative procedures were performed in accordance with the
literature (Doerning et al., 2018; Stevenson et al., 2019). For 12 hr post-surgery, mice were main-
tained half on half off a recovery heat pad. Mice were provided Ensure liquid diet (as above), DietGel
recovery, and solid food pellets ad libitium for 48 hr post-surgery. HFD-fed DIO mice receiving VSG
('HFD-VSG’) were maintained on the same HFD for 5 weeks following surgery until euthanasia at
study endpoint (Figure 1A). Control groups that were lean (‘LFD-Sham’) or DIO ("HFD-Sham’) were
maintained on respective LFD or HFD diets following sham surgery. For dietary intervention weight
loss, DIO mice received sham surgery and were subjected to weight loss intervention following sham
surgery for 5 weeks until endpoint. ‘Weight-matched' (WM) mice were controls to the HFD-VSG mice
by weight matching through restricting intake of HFD (Sipe et al., 2017). On average, mice consumed
1.7 g (ranging from 1.0 to 2.5 g or 8.84 kcal [5.2-13.0 kcal]) per day of HFD. Mice were fed at the start
of the dark cycle. 78.9% of VSG mice survived to endpoint (30/38).

Tumor cell implantation

EO0771 murine adenocarcinoma breast cancer cell line was originally isolated from a spontaneous tumor
from C57BL/6 mouse. E0771 cells were purchased from ATCC (CRL-3461) and stable transfected to
express luciferase (luc) (Ouzounova et al., 2017) by the Korkaya group at Augusta University (Pingili
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et al., 2021; Ouzounova et al., 2017). Cells tested negative for mycoplasma (Lonza, Basel) and were
cultured as described previously, cell identity verified by breast cancer subtype expression analysis
(Pingili et al., 2021). Briefly, cells were cultured in RPMI containing 10% FBS, 100 U/mL of penicillin,
and 100 pg/mL streptomycin in a humidified chamber at 37°C under 5% CO,. E0771 cells were injected
in the left fourth mammary fat pad of 22-week-old C57BL/6J females at 250,000 cells in 100 pL of
75% RPMI/25% Matrigel. When tumors became palpable (typically 1 week after implantation), tumor
growth was monitored 2x/week by measuring the length and width of the tumor using digital calipers.
Tumor volume was calculated using the following formula: volume = (width)? x (length)/2 (Pingili et al.,
2021). No tumors failed to take, and tumor regression was not detected. At the endpoint on day 21
after tumor cell injection, excised tumor mass was determined.

Immune checkpoint blockade

In a separate experimental cohort limited to HFD-VSG and controls including LFD-Sham, HFD-Sham,
and WM-Sham, mice were subjected to the same dietary and surgical study design above (Figure 1A).
After 20 weeks on LFD or HFD, 24-week-old mice received either a sham or VSG surgery. Two weeks
following surgery, mice were injected with E0771-luc cells as above. ICB included anti-PD-L1 anti-
body (Clone 10 F.9G2, #BE0101) and IgG2b isotype control (Clone LTF-2, #BE0090), purchased from
BioXcell (West Lebanon, NH). Antibody administration by intraperitoneal injection began 3 days after
E0771 cell injection when tumors were palpable (width of >2.5 mm). Mice were injected every third
day for 21 days until endpoint (8 mg/kg) (Rigo et al., 2017).

Tissue and blood collection

Three weeks after tumor implantation (i.e. 5 weeks after surgery), mice were fasted for 4 hr and anes-
thetized. Blood was collected via cardiac puncture into EDTA-coated vials. Plasma was separated from
other blood components by centrifugation at 1200xg for 45 min at 12°C. Mammary tumors, tumor
adjacent mammary fat pad, unaffected inguinal mammary fat pad, and gonadal adipose were weighed
and either flash frozen in liquid nitrogen, placed into a cassette and formalin-fixed, or digested into
a single cell suspension for flow cytometry. All frozen samples were stored at —80°C until analyzed.

Plasma adipokines and cytokines

Plasma collected at sacrifice was used for measuring leptin and IL-6 using the Milliplex MAP Mouse
Metabolic Hormone Magnetic Bead Panel in the Luminex MAGPIX system (EMD Millipore, Billerica,
MA).

Flow cytometric analysis of tumors and adjacent mammary adipose
tissue

Flow cytometry analysis was done as previously described (Pingili et al., 2021). In brief, excised
tumors (200 mg) were dissociated in RPMI media containing enzyme cocktail mix from the mouse
tumor dissociation kit (Miltenyi Biotec, Auburn, CA) and placed into gentleMACS dissociators per
manufacturer’s instructions. Spleen single cell suspensions were obtained by grinding spleens against
70 pm filter using a syringe plunger. Following red blood cell lysis (Millipore Sigma, St. Louis, MO),
viability was determined by staining with Ghost dye (Tonbo Biosciences Inc) followed by FcR-blocking
(Tonbo). Antibodies were titrated, and separation index was calculated using FlowJo v. 10 software.
Cells were stained with fluorescently labeled antibodies and fixed in Perm/fix buffer (Tonbo). Stained
cells were analyzed using Bio-Rad ZE5 flow cytometer. Fluorescence minus one (FMO) stained cells
and single color Ultracomp Beads (Invitrogen, Carlsbad, CA) were used as negative and positive
controls, respectively. Data was analyzed using FlowJo v. 10 software (Treestar, Woodburn, OR). Total
immune cells from tumor and tumor adjacent mammary fat pad (including TdLN) were gated by plot-
ting forward scatter area versus side scatter area, single cells by plotting side scatter height versus
side scatter area, live cells by plotting side scatter area versus Ghost viability dye, and immune cells by
plotting CD45 versus Ghost viability dye. T cells were gated as follows in tumor CD3+ T cells (CD3+)
and CD8+ T cells (CD3+ and CD8+). Macrophages are gated as CD11b+ and F480+. M-MDSC are
gated as CD11b+ Ly6C"", Ly6G—. Non-immune cells were gated as CD45- and MFI for PD-L1. Gates
were defined by FMO stained controls and verified by back-gating of cell populations. Gating schema
is shown in supplementary file 2.
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Flow cytometric analysis of E0771 breast cancer cells

E0771-luc cells were treated with recombinant mouse IL-6 (200 pg/mL) for 4 hr. Representative biolog-
ical replicate plotted with N=3 biological replicates with significance. Following trypsinization, cells
were stained with Ghost dye (Tonbo Biosciences Inc) followed by FcR-blocking (Tonbo) and fluores-
cent PD-L1 antibody. Flow cytometry performed and analyzed as above for PD-L1 MFI.

Tumor and mammary fat pad RNA-seq

mRNA was extracted from tumor tissue using RNeasy mini kit (QIAGEN, Germantown, MD) and
mammary fat pad tissue using a kit specific for lipid rich tissue (Norgen Biotek, Ontario, Canada).
The integrity of RNA was assessed using Agilent Bioanalyzer and samples with RIN >8.0 were
used. Libraries were constructed using NEBNext Ultra RNA Library Prep Kits (non-directional) for
Illumina, following manufacturer protocols. mMRNA was enriched using oligo-dT beads. Libraries
were sequenced on NovaSeq 6000 using paired-end 150 bp reads. There was no PhiX spike-in.
Data was analyzed as described previously (Pingili et al., 2021; Choi et al., 2021). RNA-seq statis-
tical differences between experimental groups were determined as described previously (Pingili
et al., 2021). In brief, Benjamini-Hochberg procedure was used to control false discovery rate
(FDR) for adjusted p value . RNA-seq data has been uploaded as GEO GSE174760, GSE174761,
and GSE174762. Transcript-level abundance was imported into gene-level abundance with the R
package tximport. Genes with low expression were identified and filtered out from further anal-
ysis using filterByExpr function of the edgeR package in R software. Voom transformation func-
tion was applied to normalize log2-cpm values using mean-variance trend in the limma software
package. ClaNC was used to create classifier genes that characterize the groups of interest for
semi-supervised heatmaps. DAVID v6.8 was used for pathway analysis and enriched pathways
defined as an FDR less than 10 percent (Huang et al., 2009). Immune infiltration estimations based
on bulk gene expression data from RNA-seq were plotted using TIMER2.0 (Li et al., 2020a) and
CIBERSORT (Newman et al., 2015).

Bariatric surgery patient RNA-seq

Patient gene expression from subcutaneous adipose tissue pre- and post-bariatric surgery was down-
loaded from GSE65540 (Poitou et al., 2015), and counts were normalized using counts per million.
EdgeR was used for differential expression analysis, and significance was defined as adjusted p value
of <0.1. Benjamini-Hochberg was used to calculate the FDR. Mouse and human Venn diagram was
created using the interactive Venn website.

Gene expression

Total RNA was isolated from tumors and reversed transcribed to cDNA using High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems). Quantitative RT-PCR was performed with iTag Universal
SYBR Green Supermix (Bio-Rad). Primers span an exon-exon junction and were designed with Primer-
BLAST (NCBI). Relative gene expression was calculated normalized to 18S transcript with 24, Primer
sequences are:

Ifng F:GGATGCATTCATGAGTATTGC, Ifng R:GTGGACCACTCGGATGAG,

Prf1 F:GAGAAGACCTATCAGGACCA, Prf1 R:AGCCTGTGGTAAGCATG,

Gzmb F:CCTCCTGCTACTGCTGAC, Gzmb R:GTCAGCACAAAGTCCTCTC,
18S F:-TTCGGAACTGAGGCCATGATT, and 18S R:TTTCGCTCTGGTCCGTCTTG

Histology and quantification

Tumors and normal fourth mammary fat pads (contralateral to the injected tumor bearing mammary
fat pad) were isolated at the time of sacrifice and fixed in 10% formalin. Formalin fixed paraffin
embedded (FFPE) sections from tumors and adipose were cut at 5 pm thickness. FFPE sections were
stained with hematoxylin and eosin and scanned by Thermo Fisher (Panoramic 250 Flash lll, Thermo
Fisher, Tewksbury, MA) scanner, and adipocyte area of N=50 adipocytes were quantified using soft-
ware (Case Viewer) along the longest diameter per adipocyte.
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Statistics

Statistical differences between experimental groups were determined using one-way or two-way
ANOVA (as noted in figure legends) with Fisher's LSD test for individual comparisons. Outliers were
identified and excluded based on the ROUT method with Q=1%. For body weight, body composition,
and tumor volume over time within animals, data was treated as repeated measures. All statistics were
performed using statistical software within Graphpad Prism (Graphpad Software, Inc, La Jolla CA).
All data are shown as mean = SEM. p Values less than 0.05 were considered statistically significant.
Sample size was determined by power analysis calculations and pilot experiments. Group allocation
was done to ensure equal distribution of starting body weight between groups.

Study approval

Animal studies were performed with approval and in accordance with the guidelines of the IACUC at
the University of Tennessee Health Science Center and in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
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The data generated in this study are available within the source data file stored in Dryad Digital
Repository, doi:10.5061/dryad.wOvt4b8tg. The RNA-seq data generated in this study are publicly
available in NCBI GEO GSE174760 of tumor RNA-seq and NCBI GEO GSE174761 of mammary fat

pad RNA-seq.

The following datasets were generated:

Author(s) Year

Dataset title

Dataset URL

Database and Identifier

Makowski L, Pierre JF, 2021
Hayes DN, Sipe LM

A5738

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
GSM5326659

NCBI Gene Expression
Omnibus, GSM5326659

Makowski L, Pierre JF, 2021
Hayes DN, Sipe LM

Bariatric surgery reduces
obesity associated
breast cancer and
enhances response to
immunotherapy [Tumor -
breast cancer RNA-seq]

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
GSE174761

NCBI Gene Expression
Omnibus, GSE174761

Sipe L, Chaib M, 2022
Korba E, Lovely M, Jo

H, Counts B, Tanveer

U, Clements J, John

N, Daria D, Marion

T, Sekhri R, Pingili

A, Teng B, Carson J,

Hayes D, Davis M,

Pierre J, Makowski L

Response to immune
checkpoint blockade
improved in pre-clinical
model of breast cancer
after bariatric surgery

https://doi.org/
10.5061/dryad.
wOvt4b8tq

Dryad Digital Repository,
10.5061/dryad.wOvt4b8tq

Makoski L, Pierre JF, 2021
Hayes DN, Sipe LM

Bariatric surgery reduces
obesity associated

breast cancer and
enhances response to
immunotherapy [Mammary
Fat Pad RNA-seq]

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
GSE174760

NCBI Gene Expression
Omnibus, GSE174760

The following previously published dataset was used:

Author(s) Year

Dataset title
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Database and Identifier

Tiret L, Perret C, 2015
Mathieu F, Truong V,
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Poitou C, Clément K,

Alili R, Chelghoum N,
Torcivia A

Impact of bariatric
surgery on RNA-seq gene
expression profiles of
adipose tissue in humans

https://www.ncbi.
nlm.nih.gov/geo/
query/acc.cgi?acc=
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NCBI Gene Expression
Omnibus, GSE65540

References

Adeshakin AO, Adeshakin FO, Yan D, Wan X. 2022. Regulating Histone Deacetylase Signaling Pathways of
Myeloid-Derived Suppressor Cells Enhanced T Cell-Based Immunotherapy. Frontiers in Immunology

13:781660. DOI: https://doi.org/10.3389/fimmu.2022.781660, PMID: 35140716

Ahn CH, Choi EH, Lee H, Lee W, Kim J-I, Cho YM. 2021. Vertical sleeve gastrectomy induces distinctive
transcriptomic responses in liver, fat and muscle. Scientific Reports 11:2310. DOI: https://doi.org/10.1038/
s41598-021-81866-5, PMID: 33504853

Alalwan AA, Friedman J, Park H, Segal R, Brumback BA, Hartzema AG. 2021. US national trends in bariatric
surgery: A decade of study. Surgery 170:13-17. DOI: https://doi.org/10.1016/j.surg.2021.02.002, PMID:

33714616

Alvarez R, Ridelman E, Rizk N, White MS, Zhou C, Chan H-P, Varban OA, Helvie MA, Seeley RJ. 2018.
Assessment of mammographic breast density after sleeve gastrectomy. Surgery for Obesity and Related
Diseases 14:1643-1651. DOI: https://doi.org/10.1016/].s0ard.2018.07.024, PMID: 30195656

Aminian A, Wilson R, Al-Kurd A, Tu C, Milinovich A, Kroh M, Rosenthal RJ, Brethauer SA, Schauer PR,

Kattan MW, Brown JC, Berger NA, Abraham J, Nissen SE. 2022. Association of Bariatric Surgery With Cancer
Risk and Mortality in Adults With Obesity. JAMA 327:2423-2433. DOI: https://doi.org/10.1001/jama.2022.

9009, PMID: 35657620

Sipe et al. eLife 2022;11:e79143. DOI: https://doi.org/10.7554/eLife.79143

22 of 27


https://doi.org/10.7554/eLife.79143
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5326659
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5326659
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5326659
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5326659
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174761
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174761
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174761
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174761
https://doi.org/10.5061/dryad.w0vt4b8tq
https://doi.org/10.5061/dryad.w0vt4b8tq
https://doi.org/10.5061/dryad.w0vt4b8tq
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174760
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174760
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174760
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE174760
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65540
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65540
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65540
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE65540
https://doi.org/10.3389/fimmu.2022.781660
http://www.ncbi.nlm.nih.gov/pubmed/35140716
https://doi.org/10.1038/s41598-021-81866-5
https://doi.org/10.1038/s41598-021-81866-5
http://www.ncbi.nlm.nih.gov/pubmed/33504853
https://doi.org/10.1016/j.surg.2021.02.002
http://www.ncbi.nlm.nih.gov/pubmed/33714616
https://doi.org/10.1016/j.soard.2018.07.024
http://www.ncbi.nlm.nih.gov/pubmed/30195656
https://doi.org/10.1001/jama.2022.9009
https://doi.org/10.1001/jama.2022.9009
http://www.ncbi.nlm.nih.gov/pubmed/35657620

e Llfe Research article

Cancer Biology

Anders CK, Abramson V, Tan T, Dent R. 2016. The Evolution of Triple-Negative Breast Cancer: From Biology to
Novel Therapeutics. American Society of Clinical Oncology 35:34-42. DOI: https://doi.org/10.14694/EDBK_
159135, PMID: 27249684

Arble DM, Sandoval DA, Turek FW, Woods SC, Seeley RJ. 2015. Metabolic effects of bariatric surgery in mouse
models of circadian disruption. International Journal of Obesity 39:1310-1318. DOI: https://doi.org/10.1038/
ijo.2015.54, PMID: 25869599

Azrad M, Demark-Wahnefried W. 2014. The association between adiposity and breast cancer recurrence and
survival: A review of the recent literature. Current Nutrition Reports 3:9-15. DOI: https://doi.org/10.1007/
s13668-013-0068-9, PMID: 24533234

Bhardwaj P, Brown KA. 2021. Obese Adipose Tissue as a Driver of Breast Cancer Growth and Development:
Update and Emerging Evidence. Frontiers in Oncology 11:638918. DOI: https://doi.org/10.3389/fonc.2021.
638918, PMID: 33859943

Biglia N, Peano E, Sgandurra P, Moggio G, Pecchio S, Maggiorotto F, Sismondi P. 2013. Body mass index (BMI)
and breast cancer: impact on tumor histopathologic features, cancer subtypes and recurrence rate in pre and
postmenopausal women. Gynecological Endocrinology 29:263-267. DOI: https://doi.org/10.3109/09513590.
2012.736559, PMID: 23174088

Billon E, Finetti P, Bertucci A, Niccoli P, Birnbaum D, Mamessier E, Bertucci F. 2019. PDL1 expression is
associated with longer postoperative, survival in adrenocortical carcinoma. Oncoimmunology 8:e1655362. DOI:
https://doi.org/10.1080/2162402X.2019.1655362, PMID: 31646101

Bohm MS, Sipe LM, Pye ME, Davis MJ, Pierre JF, Makowski L. 2022. The role of obesity and bariatric surgery-
induced weight loss in breast cancer. Cancer Metastasis Reviews 22:6. DOI: https://doi.org/10.1007/s10555-
022-10050-6, PMID: 35870055

Bruno DS, Berger NA. 2020. Impact of bariatric surgery on cancer risk reduction. Annals of Translational
Medicine 8:513. DOI: https://doi.org/10.21037/atm.2019.09.26, PMID: 32309417

Calle EE, Rodriguez C, Walker-Thurmond K, Thun MJ. 2003. Overweight, obesity, and mortality from cancer in a
prospectively studied cohort of U.S. adults. The New England Journal of Medicine 348:1625-1638. DOI:
https://doi.org/10.1056/NEJM0a021423, PMID: 12711737

Cha J-H, Yang W-H, Xia W, Wei Y, Chan L-C, Lim S-O, Li C-W, Kim T, Chang S-S, Lee H-H, Hsu JL, Wang H-L,

Kuo C-W, Chang W-C, Hadad S, Purdie CA, McCoy AM, Cai S, Tu Y, Litton JK, et al. 2018. Metformin Promotes
Antitumor Immunity via Endoplasmic-Reticulum-Associated Degradation of PD-L1. Molecular Cell 71:606-620..
DOI: https://doi.org/10.1016/j.molcel.2018.07.030, PMID: 30118680

Chan L-C, Li C-W, Xia W, Hsu J-M, Lee H-H, Cha J-H, Wang H-L, Yang W-H, Yen E-Y, Chang W-C, Zha Z, Lim S-O,
Lai Y-J, Liu C, Liu J, Dong Q, Yang Y, Sun L, Wei Y, Nie L, et al. 2019. IL-6/JAK1 pathway drives PD-L1 Y112
phosphorylation to promote cancer immune evasion. The Journal of Clinical Investigation 129:3324-3338. DOI:
https://doi.org/10.1172/JC1126022, PMID: 31305264

Chlebowski RT, Blackburn GL, Thomson CA, Nixon DW, Shapiro A, Hoy MK, Goodman MT, Giuliano AE,

Karanja N, McAndrew P, Hudis C, Butler J, Merkel D, Kristal A, Caan B, Michaelson R, Vinciguerra V,

Del Prete S, Winkler M, Hall R, et al. 2006. Dietary fat reduction and breast cancer outcome: interim efficacy
results from the Women's Intervention Nutrition Study. Journal of the National Cancer Institute 98:1767-1776.
DOI: https://doi.org/10.1093/jnci/djj494, PMID: 17179478

Choi HY, Jo H, Zhao X, Hoadley KA, Newman S, Holt J, Hayward MC, Love MI, Marron JS, Hayes DN. 2021.
SCISSOR: a framework for identifying structural changes in RNA transcripts. Nature Communications 12:286.
DOI: https://doi.org/10.1038/s41467-020-20593-3, PMID: 33436599

ClinicalTrials. 2021. Effects of Bariatric Surgery on Breast Density Improvement and Impact on Breast Cancer Risk
in Severe Obese Patients - Full Text View. ClinicalTrials.Gov.

Cortellini A, Bersanelli M, Buti S, Cannita K, Santini D, Perrone F, Giusti R, Tiseo M, Michiara M, Di Marino P,
Tinari N, De Tursi M, Zoratto F, Veltri E, Marconcini R, Malorgio F, Russano M, Anesi C, Zeppola T, Filetti M,
et al. 2019. A multicenter study of body mass index in cancer patients treated with anti-PD-1/PD-L1 immune
checkpoint inhibitors: when overweight becomes favorable. Journal for Immunotherapy of Cancer 7:€57. DOI:
https://doi.org/10.1186/s40425-019-0527-y, PMID: 30813970

Courcoulas AP. 2022. Bariatric Surgery and Cancer Risk. JAMA 327:€2400. DOI: https://doi.org/10.1001/jama.
2022.9166

Crespo J, Sun H, Welling TH, Tian Z, Zou W. 2013. T cell anergy, exhaustion, senescence, and stemness in the
tumor microenvironment. Current Opinion in Immunology 25:214-221. DOI: https://doi.org/10.1016/j.coi.
2012.12.003, PMID: 23298609

Das M, Ellies LG, Kumar D, Sauceda C, Oberg A, Gross E, Mandt T, Newton IG, Kaur M, Sears DD, Webster NJG.
2021. Time-restricted feeding normalizes hyperinsulinemia to inhibit breast cancer in obese postmenopausal
mouse models. Nature Communications 12:565. DOI: https://doi.org/10.1038/s41467-020-20743-7, PMID:
33495474

Doerning CM, Burlingame LA, Lewis AG, Myronovych A, Seeley RJ, Lester PA. 2018. Refinement of
Perioperative Feeding in a Mouse Model of Vertical Sleeve Gastrectomy. Journal of the American Association
for Laboratory Animal Science 57:295-301. DOI: https://doi.org/10.30802/AALAS-JAALAS-17-000162, PMID:
29690952

Doumouras AG, Hong D, Lee Y, Tarride J-E, Paterson JM, Anvari M. 2020. Association Between Bariatric Surgery
and All-Cause Mortality: A Population-Based Matched Cohort Study in A Universal Health Care System. Annals
of Internal Medicine 173:694-703. DOI: https://doi.org/10.7326/M19-3925, PMID: 32805135

Sipe et al. eLife 2022;11:e79143. DOI: https://doi.org/10.7554/eLife.79143 23 of 27


https://doi.org/10.7554/eLife.79143
https://doi.org/10.14694/EDBK_159135
https://doi.org/10.14694/EDBK_159135
http://www.ncbi.nlm.nih.gov/pubmed/27249684
https://doi.org/10.1038/ijo.2015.54
https://doi.org/10.1038/ijo.2015.54
http://www.ncbi.nlm.nih.gov/pubmed/25869599
https://doi.org/10.1007/s13668-013-0068-9
https://doi.org/10.1007/s13668-013-0068-9
http://www.ncbi.nlm.nih.gov/pubmed/24533234
https://doi.org/10.3389/fonc.2021.638918
https://doi.org/10.3389/fonc.2021.638918
http://www.ncbi.nlm.nih.gov/pubmed/33859943
https://doi.org/10.3109/09513590.2012.736559
https://doi.org/10.3109/09513590.2012.736559
http://www.ncbi.nlm.nih.gov/pubmed/23174088
https://doi.org/10.1080/2162402X.2019.1655362
http://www.ncbi.nlm.nih.gov/pubmed/31646101
https://doi.org/10.1007/s10555-022-10050-6
https://doi.org/10.1007/s10555-022-10050-6
http://www.ncbi.nlm.nih.gov/pubmed/35870055
https://doi.org/10.21037/atm.2019.09.26
http://www.ncbi.nlm.nih.gov/pubmed/32309417
https://doi.org/10.1056/NEJMoa021423
http://www.ncbi.nlm.nih.gov/pubmed/12711737
https://doi.org/10.1016/j.molcel.2018.07.030
http://www.ncbi.nlm.nih.gov/pubmed/30118680
https://doi.org/10.1172/JCI126022
http://www.ncbi.nlm.nih.gov/pubmed/31305264
https://doi.org/10.1093/jnci/djj494
http://www.ncbi.nlm.nih.gov/pubmed/17179478
https://doi.org/10.1038/s41467-020-20593-3
http://www.ncbi.nlm.nih.gov/pubmed/33436599
https://doi.org/10.1186/s40425-019-0527-y
http://www.ncbi.nlm.nih.gov/pubmed/30813970
https://doi.org/10.1001/jama.2022.9166
https://doi.org/10.1001/jama.2022.9166
https://doi.org/10.1016/j.coi.2012.12.003
https://doi.org/10.1016/j.coi.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23298609
https://doi.org/10.1038/s41467-020-20743-7
http://www.ncbi.nlm.nih.gov/pubmed/33495474
https://doi.org/10.30802/AALAS-JAALAS-17-000162
http://www.ncbi.nlm.nih.gov/pubmed/29690952
https://doi.org/10.7326/M19-3925
http://www.ncbi.nlm.nih.gov/pubmed/32805135

e Llfe Research article

Cancer Biology

Ewertz M, Jensen M-B, Gunnarsdéttir KA, Hgjris |, Jakobsen EH, Nielsen D, Stenbygaard LE, Tange UB, Cold S.
2011. Effect of obesity on prognosis after early-stage breast cancer. Journal of Clinical Oncology 29:25-31.
DOI: https://doi.org/10.1200/JC0O.2010.29.7614, PMID: 21115856

Feigelson HS, Caan B, Weinmann S, Leonard AC, Powers JD, Yenumula PR, Arterburn DE, Koebnick C, Altaye M,
Schauer DP. 2020. Bariatric Surgery is Associated With Reduced Risk of Breast Cancer in Both Premenopausal
and Postmenopausal Women. Annals of Surgery 272:1053-1059. DOI: https://doi.org/10.1097/SLA.
0000000000003331, PMID: 30998538

Friedenreich CM, Ryder-Burbidge C, McNeil J. 2021. Physical activity, obesity and sedentary behavior in cancer
etiology: epidemiologic evidence and biologic mechanisms. Molecular Oncology 15:790-800. DOI: https://doi.
org/10.1002/1878-0261.12772, PMID: 32741068

Frikke-Schmidt H, Zamarron BF, O’'Rourke RW, Sandoval DA, Lumeng CN, Seeley RJ. 2017. Weight loss
independent changes in adipose tissue macrophage and T cell populations after sleeve gastrectomy in mice.
Molecular Metabolism 6:317-326. DOI: https://doi.org/10.1016/j.molmet.2017.02.004, PMID: 28377871

Gillespie EF, Sorbero ME, Hanauer DA, Sabel MS, Herrmann EJ, Weiser LJ, Jagielski CH, Griggs JJ. 2010.
Obesity and angiolymphatic invasion in primary breast cancer. Annals of Surgical Oncology 17:752-759. DOI:
https://doi.org/10.1245/s10434-009-0797-6, PMID: 19898898

Goding Sauer A, Siegel RL, Jemal A, Fedewa SA. 2019. Current Prevalence of Major Cancer Risk Factors and
Screening Test Use in the United States: Disparities by Education and Race/Ethnicity. Cancer Epidemiology,
Biomarkers & Prevention 28:629-642. DOI: https://doi.org/10.1158/1055-9965.EPI-18-1169, PMID: 30944145

Griffin C, Hutch CR, Abrishami S, Stelmak D, Eter L, Li Z, Chang E, Agarwal D, Zamarron B, Varghese M,
Subbaiah P, MacDougald OA, Sandoval DA, Singer K. 2019. Inflammatory responses to dietary and surgical
weight loss in male and female mice. Biology of Sex Differences 10:16. DOI: https://doi.org/10.1186/513293-
019-0229-7, PMID: 30944030

Hales CM. 2020. Prevalence of Obesity and Severe Obesity Among Adults: United States, 2017-2018. NCHS
Data Brief 2020:1-8.

Harris DA, Mina A, Cabarkapa D, Heshmati K, Subramaniam R, Banks AS, Tavakkoli A, Sheu EG. 2020. Sleeve
gastrectomy enhances glucose utilization and remodels adipose tissue independent of weight loss. American
Journal of Physiology. Endocrinology and Metabolism 318:E678-E688. DOI: https://doi.org/10.1152/ajpendo.
00441.2019, PMID: 32069072

Hirano T, Honda T, Kanameishi S, Honda Y, Egawa G, Kitoh A, Nakajima S, Otsuka A, Nomura T, Dainichi T,
Yaguchi T, Inozume T, Kataoka TR, Tamada K, Kabashima K. 2021. PD-L1 on mast cells suppresses effector
CD8+ T-cell activation in the skin in murine contact hypersensitivity. Journal of Allergy and Clinical Immunology
148:563-573.. DOI: https://doi.org/10.1016/].jaci.2020.12.654

Hou A, Hou K, Huang Q, Lei Y, Chen W. 2020. Targeting Myeloid-Derived Suppressor Cell, a Promising Strategy
to Overcome Resistance to Immune Checkpoint Inhibitors. Frontiers in Immunology 11:783. DOI: https://doi.
org/10.3389/fimmu.2020.00783, PMID: 32508809

Houghton SC, Eliassen H, Tamimi RM, Willett WC, Rosner BA, Hankinson SE. 2021. Central Adiposity and
Subsequent Risk of Breast Cancer by Menopause Status. Journal of the National Cancer Institute 113:900-908.
DOI: https://doi.org/10.1093/jnci/djaa197, PMID: 33367714

Huang DW, Sherman BT, Lempicki RA. 2009. Systematic and integrative analysis of large gene lists using DAVID
bioinformatics resources. Nature Protocols 4:44-57. DOI: https://doi.org/10.1038/nprot.2008.211, PMID:
19131956

Hursting SD, Lavigne JA, Berrigan D, Perkins SN, Barrett JC. 2003. Calorie restriction, aging, and cancer
prevention: mechanisms of action and applicability to humans. Annual Review of Medicine 54:131-152. DOI:
https://doi.org/10.1146/annurev.med.54.101601.152156, PMID: 12525670

Laforest S, Ennour-ldrissi K, Ouellette G, Gauthier MF, Michaud A, Durocher F, Tchernof A, Diorio C. 2021.
Associations between markers of mammary adipose tissue dysfunction and breast cancer prognostic factors.
International Journal of Obesity 45:195-205. DOI: https://doi.org/10.1038/s41366-020-00676-3, PMID:
32934318

Lammert J, Grill S, Kiechle M. 2018. Modifiable Lifestyle Factors: Opportunities for (Hereditary) Breast Cancer
Prevention - a Narrative Review. Breast Care 13:109-114. DOI: https://doi.org/10.1159/000488995, PMID:
29887787

Lauby-Secretan B, Scoccianti C, Loomis D, Grosse Y, Bianchini F, Straif K, International Agency for Research on
Cancer Handbook Working Group. 2016. Body Fatness and Cancer--Viewpoint of the IARC Working Group.
The New England Journal of Medicine 375:794-798. DOI: https://doi.org/10.1056/NEJMsr1606602, PMID:
27557308

Lengyel E, Makowski L, DiGiovanni J, Kolonin MG. 2018. Cancer as a Matter of Fat: The Crosstalk between
Adipose Tissue and Tumors. Trends in Cancer 4:374-384. DOI: https://doi.org/10.1016/j.trecan.2018.03.004,
PMID: 29709261

Li T, FuJ, Zeng Z, Cohen D, Li J, Chen Q, Li B, Liu XS. 2020a. TIMER2.0 for analysis of tumor-infiltrating immune
cells. Nucleic Acids Research 48:W509-W514. DOI: https://doi.org/10.1093/nar/gkaad07, PMID: 32442275

Li Z, Zhang C, Du JX, Zhao J, Shi MT, Jin MW, Liu H. 2020b. Adipocytes promote tumor progression and induce
PD-L1 expression via TNF-a/IL-6 signaling. Cancer Cell International 20:179. DOI: https://doi.org/10.1186/
s12935-020-01269-w, PMID: 32477009

Ligibel JA, Goodwin PJ. 2012. NEW and RENEW: building the case for weight loss in breast cancer. Journal of
Clinical Oncology 30:2294-2296. DOI: https://doi.org/10.1200/JC0O.2012.42.5496, PMID: 22614991

Sipe et al. eLife 2022;11:e79143. DOI: https://doi.org/10.7554/eLife.79143 24 of 27


https://doi.org/10.7554/eLife.79143
https://doi.org/10.1200/JCO.2010.29.7614
http://www.ncbi.nlm.nih.gov/pubmed/21115856
https://doi.org/10.1097/SLA.0000000000003331
https://doi.org/10.1097/SLA.0000000000003331
http://www.ncbi.nlm.nih.gov/pubmed/30998538
https://doi.org/10.1002/1878-0261.12772
https://doi.org/10.1002/1878-0261.12772
http://www.ncbi.nlm.nih.gov/pubmed/32741068
https://doi.org/10.1016/j.molmet.2017.02.004
http://www.ncbi.nlm.nih.gov/pubmed/28377871
https://doi.org/10.1245/s10434-009-0797-6
http://www.ncbi.nlm.nih.gov/pubmed/19898898
https://doi.org/10.1158/1055-9965.EPI-18-1169
http://www.ncbi.nlm.nih.gov/pubmed/30944145
https://doi.org/10.1186/s13293-019-0229-7
https://doi.org/10.1186/s13293-019-0229-7
http://www.ncbi.nlm.nih.gov/pubmed/30944030
https://doi.org/10.1152/ajpendo.00441.2019
https://doi.org/10.1152/ajpendo.00441.2019
http://www.ncbi.nlm.nih.gov/pubmed/32069072
https://doi.org/10.1016/j.jaci.2020.12.654
https://doi.org/10.3389/fimmu.2020.00783
https://doi.org/10.3389/fimmu.2020.00783
http://www.ncbi.nlm.nih.gov/pubmed/32508809
https://doi.org/10.1093/jnci/djaa197
http://www.ncbi.nlm.nih.gov/pubmed/33367714
https://doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
https://doi.org/10.1146/annurev.med.54.101601.152156
http://www.ncbi.nlm.nih.gov/pubmed/12525670
https://doi.org/10.1038/s41366-020-00676-3
http://www.ncbi.nlm.nih.gov/pubmed/32934318
https://doi.org/10.1159/000488995
http://www.ncbi.nlm.nih.gov/pubmed/29887787
https://doi.org/10.1056/NEJMsr1606602
http://www.ncbi.nlm.nih.gov/pubmed/27557308
https://doi.org/10.1016/j.trecan.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29709261
https://doi.org/10.1093/nar/gkaa407
http://www.ncbi.nlm.nih.gov/pubmed/32442275
https://doi.org/10.1186/s12935-020-01269-w
https://doi.org/10.1186/s12935-020-01269-w
http://www.ncbi.nlm.nih.gov/pubmed/32477009
https://doi.org/10.1200/JCO.2012.42.5496
http://www.ncbi.nlm.nih.gov/pubmed/22614991

ELlfe Research article Cancer Biology

Ligibel JA, Alfano CM, Courneya KS, Demark-Wahnefried W, Burger RA, Chlebowski RT, Fabian CJ, Gucalp A,
Hershman DL, Hudson MM, Jones LW, Kakarala M, Ness KK, Merrill JK, Wollins DS, Hudis CA. 2014. American
Society of Clinical Oncology position statement on obesity and cancer. Journal of Clinical Oncology 32:3568-
3574. DOI: https://doi.org/10.1200/JCO.2014.58.4680, PMID: 25273035

Ligibel JA, Barry WT, Alfano C, Hershman DL, Irwin M, Neuhouser M, Thomson CA, Delahanty L, Frank E,
Spears P, Paskett ED, Hopkins J, Bernstein V, Stearns V, White J, Hahn O, Hudis C, Winer EP, Wadden TA,
Goodwin PJ. 2017. Randomized phase Ill trial evaluating the role of weight loss in adjuvant treatment of
overweight and obese women with early breast cancer (Alliance A011401): study design. NPJ Breast Cancer
3:e37. DOI: https://doi.org/10.1038/s41523-017-0040-8, PMID: 28948213

Ligibel JA, Dillon D, Giobbie-Hurder A, McTiernan A, Frank E, Cornwell M, Pun M, Campbell N, Dowling RJO,
Chang MC, Tolaney S, Chagpar AB, Yung RL, Freedman RA, Dominici LS, Golshan M, Rhei E, Taneja K,

Huang Y, Brown M, et al. 2019. Impact of a Pre-Operative Exercise Intervention on Breast Cancer Proliferation
and Gene Expression: Results from the Pre-Operative Health and Body (PreHAB) Study. Clinical Cancer
Research 25:5398-5406. DOI: https://doi.org/10.1158/1078-0432.CCR-18-3143, PMID: 31018921

Lim S-O, Li C-W, Xia W, Cha J-H, Chan L-C, Wu Y, Chang S-S, Lin W-C, Hsu J-M, Hsu Y-H, Kim T, Chang W-C,
Hsu JL, Yamaguchi H, Ding Q, Wang Y, Yang Y, Chen C-H, Sahin AA, Yu D, et al. 2016. Deubiquitination and
Stabilization of PD-L1 by CSN5. Cancer Cell 30:925-939. DOI: https://doi.org/10.1016/].ccell.2016.10.010,
PMID: 27866850

Lin Y-C, Cheng H-H, Chen S-C, Shen W-C, Huang Y-T. 2021. Pre-treatment high body mass index is associated
with poor survival in Asian premenopausal women with localized breast cancer. Journal of Cancer 12:4488-
4496. DOI: https://doi.org/10.7150/jca.59133, PMID: 34149912

Liu Y, Zugazagoitia J, Ahmed FS, Henick BS, Gettinger SN, Herbst RS, Schalper KA, Rimm DL. 2020. Immune
Cell PD-L1 Colocalizes with Macrophages and Is Associated with Outcome in PD-1 Pathway Blockade Therapy.
Clinical Cancer Research 26:970-977. DOI: https://doi.org/10.1158/1078-0432.CCR-19-1040, PMID: 31615933

Lovrics O, Butt J, Lee VY, Lovrics P, Boudreau V, Anvari M, Hong D, Doumouras AG. 2021. The effect of bariatric
surgery on breast cancer incidence and characteristics: A meta-analysis and systematic review. American
Journal of Surgery 222:715-722. DOI: https://doi.org/10.1016/j.amjsurg.2021.03.016, PMID: 33771341

Lv M, Zhu X, Wang H, Wang F, Guan W. 2014. Roles of caloric restriction, ketogenic diet and intermittent fasting
during initiation, progression and metastasis of cancer in animal models: a systematic review and meta-analysis.
PLOS ONE 9:€115147. DOI: https://doi.org/10.1371/journal.pone.0115147, PMID: 25502434

Mazzarella L, Disalvatore D, Bagnardi V, Rotmensz N, Galbiati D, Caputo S, Curigliano G, Pelicci PG. 2013.
Obesity increases the incidence of distant metastases in oestrogen receptor-negative human epidermal growth
factor receptor 2-positive breast cancer patients. European Journal of Cancer 49:3588-3597. DOI: https://doi.
org/10.1016/j.ejca.2013.07.016, PMID: 23953055

McQuade JL, Daniel CR, Hess KR, Mak C, Wang DY, Rai RR, Park JJ, Haydu LE, Spencer C, Wongchenko M,
Lane S, Lee D-Y, Kaper M, McKean M, Beckermann KE, Rubinstein SM, Rooney |, Musib L, Budha N, Hsu J,
et al. 2018. Association of body-mass index and outcomes in patients with metastatic melanoma treated with
targeted therapy, immunotherapy, or chemotherapy: a retrospective, multicohort analysis. The Lancet.
Oncology 19:310-322. DOI: https://doi.org/10.1016/S1470-2045(18)30078-0, PMID: 29449192

Muenst S, Schaerli AR, Gao F, Déaster S, Trella E, Droeser RA, Muraro MG, Zajac P, Zanetti R, Gillanders WE,
Weber WP, Soysal SD. 2014. Expression of programmed death ligand 1 (PD-L1) is associated with poor
prognosis in human breast cancer. Breast Cancer Research and Treatment 146:15-24. DOI: https://doi.org/10.
1007/s10549-014-2988-5, PMID: 24842267

Naik A, Monjazeb AM, Decock J. 2019. The Obesity Paradox in Cancer, Tumor Immunology, and
Immunotherapy: Potential Therapeutic Implications in Triple Negative Breast Cancer. Frontiers in Immunology
10:1940. DOI: https://doi.org/10.3389/fimmu.2019.01940, PMID: 31475003

Nelson MA, Ngamcherdtrakul W, Luoh S-W, Yantasee W. 2021. Prognostic and therapeutic role of tumor-
infiltrating lymphocyte subtypes in breast cancer. Cancer Metastasis Reviews 40:519-536. DOI: https://doi.org/
10.1007/s10555-021-09968-0, PMID: 33963482

Neuhouser ML, Aragaki AK, Prentice RL, Manson JE, Chlebowski R, Carty CL, Ochs-Balcom HM, Thomson CA,
Caan BJ, Tinker LF, Urrutia RP, Knudtson J, Anderson GL. 2015. Overweight, Obesity, and Postmenopausal
Invasive Breast Cancer Risk: A Secondary Analysis of the Women's Health Initiative Randomized Clinical Trials.
JAMA Oncology 1:611-621. DOI: https://doi.org/10.1001/jamaoncol.2015.1546, PMID: 26182172

Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, Hoang CD, Diehn M, Alizadeh AA. 2015. Robust
enumeration of cell subsets from tissue expression profiles. Nature Methods 12:453-457. DOI: https://doi.org/
10.1038/nmeth.3337, PMID: 25822800

Ngiow SF, Young A. 2020. Re-education of the Tumor Microenvironment With Targeted Therapies and
Immunotherapies. Frontiers in Immunology 11:1633. DOI: https://doi.org/10.3389/fimmu.2020.01633, PMID:
32849557

Noman MZ, Desantis G, Janji B, Hasmim M, Karray S, Dessen P, Bronte V, Chouaib S. 2014. PD-L1 is a novel
direct target of HIF-1a, and its blockade under hypoxia enhanced MDSC-mediated T cell activation. The
Journal of Experimental Medicine 211:781-790. DOI: https://doi.org/10.1084/jem.20131916, PMID: 24778419

Osman MA, Hennessy BT. 2015. Obesity Correlation With Metastases Development and Response to First-Line
Metastatic Chemotherapy in Breast Cancer. Clinical Medicine Insights. Oncology 9:105-112. DOI: https://doi.
org/10.4137/CM0O.S32812, PMID: 26628862

Ouzounova M, Lee E, Piranlioglu R, El Andaloussi A, Kolhe R, Demirci MF, Marasco D, Asm |, Chadli A,

Hassan KA, Thangaraju M, Zhou G, Arbab AS, Cowell JK, Korkaya H. 2017. Monocytic and granulocytic

Sipe et al. eLife 2022;11:e79143. DOI: https://doi.org/10.7554/eLife.79143 25 of 27


https://doi.org/10.7554/eLife.79143
https://doi.org/10.1200/JCO.2014.58.4680
http://www.ncbi.nlm.nih.gov/pubmed/25273035
https://doi.org/10.1038/s41523-017-0040-8
http://www.ncbi.nlm.nih.gov/pubmed/28948213
https://doi.org/10.1158/1078-0432.CCR-18-3143
http://www.ncbi.nlm.nih.gov/pubmed/31018921
https://doi.org/10.1016/j.ccell.2016.10.010
http://www.ncbi.nlm.nih.gov/pubmed/27866850
https://doi.org/10.7150/jca.59133
http://www.ncbi.nlm.nih.gov/pubmed/34149912
https://doi.org/10.1158/1078-0432.CCR-19-1040
http://www.ncbi.nlm.nih.gov/pubmed/31615933
https://doi.org/10.1016/j.amjsurg.2021.03.016
http://www.ncbi.nlm.nih.gov/pubmed/33771341
https://doi.org/10.1371/journal.pone.0115147
http://www.ncbi.nlm.nih.gov/pubmed/25502434
https://doi.org/10.1016/j.ejca.2013.07.016
https://doi.org/10.1016/j.ejca.2013.07.016
http://www.ncbi.nlm.nih.gov/pubmed/23953055
https://doi.org/10.1016/S1470-2045(18)30078-0
http://www.ncbi.nlm.nih.gov/pubmed/29449192
https://doi.org/10.1007/s10549-014-2988-5
https://doi.org/10.1007/s10549-014-2988-5
http://www.ncbi.nlm.nih.gov/pubmed/24842267
https://doi.org/10.3389/fimmu.2019.01940
http://www.ncbi.nlm.nih.gov/pubmed/31475003
https://doi.org/10.1007/s10555-021-09968-0
https://doi.org/10.1007/s10555-021-09968-0
http://www.ncbi.nlm.nih.gov/pubmed/33963482
https://doi.org/10.1001/jamaoncol.2015.1546
http://www.ncbi.nlm.nih.gov/pubmed/26182172
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1038/nmeth.3337
http://www.ncbi.nlm.nih.gov/pubmed/25822800
https://doi.org/10.3389/fimmu.2020.01633
http://www.ncbi.nlm.nih.gov/pubmed/32849557
https://doi.org/10.1084/jem.20131916
http://www.ncbi.nlm.nih.gov/pubmed/24778419
https://doi.org/10.4137/CMO.S32812
https://doi.org/10.4137/CMO.S32812
http://www.ncbi.nlm.nih.gov/pubmed/26628862

e Llfe Research article

Cancer Biology

myeloid derived suppressor cells differentially regulate spatiotemporal tumour plasticity during metastatic
cascade. Nature Communications 8:14979. DOI: https://doi.org/10.1038/ncomms14979, PMID: 28382931

O’Brien PE, Hindle A, Brennan L, Skinner S, Burton P, Smith A, Crosthwaite G, Brown W. 2019. Long-Term
Outcomes After Bariatric Surgery: a Systematic Review and Meta-analysis of Weight Loss at 10 or More Years
for All Bariatric Procedures and a Single-Centre Review of 20-Year Outcomes After Adjustable Gastric Banding.
Obesity Surgery 29:3-14. DOI: https://doi.org/10.1007/s11695-018-3525-0, PMID: 30293134

Patterson RE, Marinac CR, Sears DD, Kerr J, Hartman SJ, Cadmus-Bertram L, Villasefior A, Flatt SW, Godbole S,
Li H, Laughlin GA, Oratowski-Coleman J, Parker BA, Natarajan L. 2018. The Effects of Metformin and Weight
Loss on Biomarkers Associated With Breast Cancer Outcomes. Journal of the National Cancer Institute
110:1239-1247. DOI: https://doi.org/10.1093/jnci/djy040, PMID: 29788487

Pierce JP. 2009. Diet and breast cancer prognosis: making sense of the Women'’s Healthy Eating and Living and
Women'’s Intervention Nutrition Study trials. Current Opinion in Obstetrics & Gynecology 21:86-91. DOI:
https://doi.org/10.1097/GCO.0b013e32831da72

Pingili AK, Chaib M, Sipe LM, Miller EJ, Teng B, Sharma R, Yarbro JR, Asemota S, Al Abdallah Q, Mims TS,
Marion TN, Daria D, Sekhri R, Hamilton AM, Troester MA, Jo H, Choi HY, Hayes DN, Cook KL, Narayanan R,
et al. 2021. Immune checkpoint blockade reprograms systemic immune landscape and tumor
microenvironment in obesity-associated breast cancer. Cell Reports 35:€109285. DOI: https://doi.org/10.1016/
j-celrep.2021.109285, PMID: 34161764

Poitou C, Perret C, Mathieu F, Truong V, Blum Y, Durand H, Alili R, Chelghoum N, Pelloux V, Aron-Wisnewsky J,
Torcivia A, Bouillot J-L, Parks BW, Ninio E, Clément K, Tiret L. 2015. Bariatric Surgery Induces Disruption in
Inflammatory Signaling Pathways Mediated by Immune Cells in Adipose Tissue: A RNA-Seq Study. PLOS ONE
10:e0125718. DOI: https://doi.org/10.1371/journal.pone.0125718, PMID: 25938420

Qi X, Qi C, Kang X, Hu Y, Han W. 2020. Identification of candidate genes and prognostic value analysis in
patients with PDL1-positive and PDL1-negative lung adenocarcinoma. PeerJ 8:9362. DOI: https://doi.org/10.
7717/peerj.9362, PMID: 32607285

Qin Y, Sundaram S, Essaid L, Chen X, Miller SM, Yan F, Darr DB, Galanko JA, Montgomery SA, Major MB,
Johnson GL, Troester MA, Makowski L. 2016. Weight loss reduces basal-like breast cancer through kinome
reprogramming. Cancer Cell International 16:26. DOI: https://doi.org/10.1186/s12935-016-0300-y, PMID:
27042159

Richtig G, Hoeller C, Wolf M, Wolf |, Rainer BM, Schulter G, Richtig M, Griibler MR, Gappmayer A, Haidn T,
Kofler J, Huegel R, Lange-Asschenfeldt B, Pichler M, Pilz S, Heinemann A, Richtig E. 2018. Body mass index
may predict the response to ipilimumab in metastatic melanoma: An observational multi-centre study. PLOS
ONE 13:e0204729. DOI: https://doi.org/10.1371/journal.pone.0204729, PMID: 30273398

Rigo V, Emionite L, Daga A, Astigiano S, Corrias MV, Quintarelli C, Locatelli F, Ferrini S, Croce M. 2017.
Combined immunotherapy with anti-PDL-1/PD-1 and anti-CD4 antibodies cures syngeneic disseminated
neuroblastoma. Scientific Reports 7:14049. DOI: https://doi.org/10.1038/s41598-017-14417-6, PMID:
29070883

Schauer DP, Feigelson HS, Koebnick C, Caan B, Weinmann S, Leonard AC, Powers JD, Yenumula PR,
Arterburn DE. 2017. Association Between Weight Loss and the Risk of Cancer after Bariatric Surgery. Obesity
25 Suppl 2:552-S57. DOI: https://doi.org/10.1002/0by.22002, PMID: 29086527

Seiler A, Chen MA, Brown RL, Fagundes CP. 2018. Obesity, Dietary Factors, Nutrition, and Breast Cancer Risk.
Current Breast Cancer Reports 10:14-27. DOI: https://doi.org/10.1007/s12609-018-0264-0, PMID: 30662586

Sestak I, Distler W, Forbes JF, Dowsett M, Howell A, Cuzick J. 2010. Effect of body mass index on recurrences in
tamoxifen and anastrozole treated women: an exploratory analysis from the ATAC trial. Journal of Clinical
Oncology 28:3411-3415. DOI: https://doi.org/10.1200/JC0O.2009.27.2021, PMID: 20547990

Sipe LM, Yang C, Ephrem J, Garren E, Hirsh J, Deppmann CD. 2017. Differential sympathetic outflow to adipose
depots is required for visceral fat loss in response to calorie restriction. Nutrition & Diabetes 7:€260. DOI:
https://doi.org/10.1038/nutd.2017.13, PMID: 28394360

Stevenson M, Lee J, Lau RG, Brathwaite CEM, Ragolia L. 2019. Surgical Mouse Models of Vertical Sleeve
Gastrectomy and Roux-en Y Gastric Bypass: a Review. Obesity Surgery 29:4084-4094. DOI: https://doi.org/10.
1007/s11695-019-04205-8, PMID: 31630327

Sundaram S, Le TL, Essaid L, Freemerman AJ, Huang MJ, Galanko JA, McNaughton KK, Bendt KM, Darr DB,
Troester MA, Makowski L. 2014. Weight Loss Reversed Obesity-Induced HGF/c-Met Pathway and Basal-Like
Breast Cancer Progression. Frontiers in Oncology 4:€175. DOI: https://doi.org/10.3389/fonc.2014.00175,
PMID: 25072025

Syn NL, Cummings DE, Wang LZ, Lin DJ, Zhao JJ, Loh M, Koh ZJ, Chew CA, Loo YE, Tai BC, Kim G, So JBY,
Kaplan LM, Dixon JB, Shabbir A. 2021. Association of metabolic-bariatric surgery with long-term survival in
adults with and without diabetes: a one-stage meta-analysis of matched cohort and prospective controlled
studies with 174772 participants. Lancet 397:1830-1841. DOI: https://doi.org/10.1016/50140-6736(21)00591-
2, PMID: 33965067

Tang K, Wu YH, Song Y, Yu B. 2021. Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors in clinical trials for cancer
immunotherapy. Journal of Hematology & Oncology 14:e68. DOI: https://doi.org/10.1186/s13045-021-01080-
8, PMID: 33883013

Wang Z, Aguilar EG, Luna JI, Dunai C, Khuat LT, Le CT, Mirsoian A, Minnar CM, Stoffel KM, Sturgill IR,
Grossenbacher SK, Withers SS, Rebhun RB, Hartigan-O’Connor DJ, Méndez-Lagares G, Tarantal AF, Isseroff RR,
Griffith TS, Schalper KA, Merleev A, et al. 2019. Paradoxical effects of obesity on T cell function during tumor

Sipe et al. eLife 2022;11:e79143. DOI: https://doi.org/10.7554/eLife.79143 26 of 27


https://doi.org/10.7554/eLife.79143
https://doi.org/10.1038/ncomms14979
http://www.ncbi.nlm.nih.gov/pubmed/28382931
https://doi.org/10.1007/s11695-018-3525-0
http://www.ncbi.nlm.nih.gov/pubmed/30293134
https://doi.org/10.1093/jnci/djy040
http://www.ncbi.nlm.nih.gov/pubmed/29788487
https://doi.org/10.1097/GCO.0b013e32831da7f2
https://doi.org/10.1016/j.celrep.2021.109285
https://doi.org/10.1016/j.celrep.2021.109285
http://www.ncbi.nlm.nih.gov/pubmed/34161764
https://doi.org/10.1371/journal.pone.0125718
http://www.ncbi.nlm.nih.gov/pubmed/25938420
https://doi.org/10.7717/peerj.9362
https://doi.org/10.7717/peerj.9362
http://www.ncbi.nlm.nih.gov/pubmed/32607285
https://doi.org/10.1186/s12935-016-0300-y
http://www.ncbi.nlm.nih.gov/pubmed/27042159
https://doi.org/10.1371/journal.pone.0204729
http://www.ncbi.nlm.nih.gov/pubmed/30273398
https://doi.org/10.1038/s41598-017-14417-6
http://www.ncbi.nlm.nih.gov/pubmed/29070883
https://doi.org/10.1002/oby.22002
http://www.ncbi.nlm.nih.gov/pubmed/29086527
https://doi.org/10.1007/s12609-018-0264-0
http://www.ncbi.nlm.nih.gov/pubmed/30662586
https://doi.org/10.1200/JCO.2009.27.2021
http://www.ncbi.nlm.nih.gov/pubmed/20547990
https://doi.org/10.1038/nutd.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28394360
https://doi.org/10.1007/s11695-019-04205-8
https://doi.org/10.1007/s11695-019-04205-8
http://www.ncbi.nlm.nih.gov/pubmed/31630327
https://doi.org/10.3389/fonc.2014.00175
http://www.ncbi.nlm.nih.gov/pubmed/25072025
https://doi.org/10.1016/S0140-6736(21)00591-2
https://doi.org/10.1016/S0140-6736(21)00591-2
http://www.ncbi.nlm.nih.gov/pubmed/33965067
https://doi.org/10.1186/s13045-021-01080-8
https://doi.org/10.1186/s13045-021-01080-8
http://www.ncbi.nlm.nih.gov/pubmed/33883013

ELlfe Research article

Cancer Biology

progression and PD-1 checkpoint blockade. Nature Medicine 25:141-151. DOI: https://doi.org/10.1038/
s41591-018-0221-5, PMID: 30420753

Woodall MJ, Neumann S, Campbell K, Pattison ST, Young SL. 2020. The Effects of Obesity on Anti-Cancer
Immunity and Cancer Immunotherapy. Cancers 12:E1230. DOI: https://doi.org/10.3390/cancers12051230,
PMID: 32422865

Wau B, Sun X, Gupta HB, Yuan B, Li J, Ge F, Chiang H-C, Zhang X, Zhang C, Zhang D, Yang J, Hu Y, Curiel TJ, Li R.
2018. Adipose PD-L1 Modulates PD-1/PD-L1 Checkpoint Blockade Immunotherapy Efficacy in Breast Cancer.
Oncolmmunology 7:€1500107. DOI: https://doi.org/10.1080/2162402X.2018.1500107, PMID: 30393583

Wau B, Chiang H-C, Sun X, Yuan B, Mitra P, Hu Y, Curiel TJ, Li R. 2020. Genetic ablation of adipocyte PD-L1
reduces tumor growth but accentuates obesity-associated inflammation. Journal for Inmunotherapy of Cancer
8:e000964. DOI: https://doi.org/10.1136/jitc-2020-000964, PMID: 32817394

Yi M, Niu M, Xu L, Luo S, Wu K. 2021. Regulation of PD-L1 expression in the tumor microenvironment. Journal of
Hematology & Oncology 14:€10. DOI: https://doi.org/10.1186/s13045-020-01027-5, PMID: 33413496

Yin DP, Gao Q, Ma LL, Yan W, Williams PE, McGuinness OP, Wasserman DH, Abumrad NN. 2011. Assessment of
different bariatric surgeries in the treatment of obesity and insulin resistance in mice. Annals of Surgery
254:73-82. DOI: https://doi.org/10.1097/SLA.0b013e3182197035, PMID: 21522012

Yin DP, Boyd KL, Williams PE, Abumrad NN, Wasserman DH. 2012. Mouse Models of Bariatric Surgery. Current
Protocols in Mouse Biology 2:295-306. DOI: https://doi.org/10.1002/9780470942390.mo 120087

Zhai L, Bell A, Ladomersky E, Lauing KL, Bollu L, Sosman JA, Zhang B, Wu JD, Miller SD, Meeks JJ, Lukas RV,
Wyatt E, Doglio L, Schiltz GE, McCusker RH, Wainwright DA. 2020. Immunosuppressive IDO in Cancer:
Mechanisms of Action, Animal Models, and Targeting Strategies. Frontiers in Immunology 11:1185. DOI:
https://doi.org/10.3389/fimmu.2020.01185, PMID: 32612606

Zhang S, lkramuddin S, Beckwith HC, Sheka AC, Wirth KM, Blaes AH. 2020a. The Impact of Bariatric Surgery on
Breast Cancer Recurrence: Case Series and Review of Literature. Obesity Surgery 30:780-785. DOI: https://doi.
org/10.1007/s11695-019-04099-6, PMID: 31359344

Zhang K, Luo Y, Dai H, Deng Z. 2020b. Effects of Bariatric Surgery on Cancer Risk: Evidence from Meta-analysis.
Obesity Surgery 30:1265-1272. DOI: https://doi.org/10.1007/s11695-019-04368-4, PMID: 31865552

Sipe et al. eLife 2022;11:e79143. DOI: https://doi.org/10.7554/eLife.79143 27 of 27


https://doi.org/10.7554/eLife.79143
https://doi.org/10.1038/s41591-018-0221-5
https://doi.org/10.1038/s41591-018-0221-5
http://www.ncbi.nlm.nih.gov/pubmed/30420753
https://doi.org/10.3390/cancers12051230
http://www.ncbi.nlm.nih.gov/pubmed/32422865
https://doi.org/10.1080/2162402X.2018.1500107
http://www.ncbi.nlm.nih.gov/pubmed/30393583
https://doi.org/10.1136/jitc-2020-000964
http://www.ncbi.nlm.nih.gov/pubmed/32817394
https://doi.org/10.1186/s13045-020-01027-5
http://www.ncbi.nlm.nih.gov/pubmed/33413496
https://doi.org/10.1097/SLA.0b013e3182197035
http://www.ncbi.nlm.nih.gov/pubmed/21522012
https://doi.org/10.1002/9780470942390.mo120087
https://doi.org/10.3389/fimmu.2020.01185
http://www.ncbi.nlm.nih.gov/pubmed/32612606
https://doi.org/10.1007/s11695-019-04099-6
https://doi.org/10.1007/s11695-019-04099-6
http://www.ncbi.nlm.nih.gov/pubmed/31359344
https://doi.org/10.1007/s11695-019-04368-4
http://www.ncbi.nlm.nih.gov/pubmed/31865552

	Response to immune checkpoint blockade improved in pre-­clinical model of breast cancer after bariatric surgery
	Editor's evaluation
	Introduction
	Results
	Surgical and dietary weight loss interventions reduced weight to the same extent
	Obesity-accelerated breast cancer progression was reversed by VSG and dietary weight loss
	Adiposity and leptin were reduced in formerly obese mice
	Elevated inflammation was evident in mammary fat pad uniquely after VSG weight loss intervention
	Tumors displayed elevated inflammation and immune checkpoint ligand expression in mice receiving VSG
	T cell tumor content and cytolysis were impaired after VSG
	Anti-PD-L1 therapy was more efficacious in VSG mice
	A BSAS derived from patient and murine adipose tissue associates with tumor burden

	Discussion
	Materials and methods
	Reagents
	Mice and diets
	Body weight and composition
	Vertical sleeve gastrectomy
	Tumor cell implantation
	Immune checkpoint blockade
	Tissue and blood collection
	Plasma adipokines and cytokines
	Flow cytometric analysis of tumors and adjacent mammary adipose tissue
	Flow cytometric analysis of E0771 breast cancer cells
	Tumor and mammary fat pad RNA-seq
	Bariatric surgery patient RNA-seq
	Gene expression
	Histology and quantification
	Statistics
	Study approval

	Acknowledgements
	Additional information
	﻿Funding
	Author contributions
	Author ORCIDs
	Ethics
	Decision letter and Author response

	Additional files
	Supplementary files

	References


