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ABSTRACT
Infiltrating tumor neutrophils and myeloid-derived suppressor cells represent major populations in the
tumor microenvironment that contribute to tumor progression. However, the phenotype of circulating
and tumor-associated neutrophils, and the impact of cancer patients’ metabolic state on neutrophil
function need further characterization. Here we show that in kidney cancer patients, circulating neu-
trophils display an altered immature-like phenotype, and an activated/primed metabolic state.
Circulating immature-like neutrophils acquire an activated phenotype upon migration into the tumor
tissue, characterized by high expression of the immunosuppressive enzyme arginase-1, and active
granule release. Interestingly, obesity and adipose tissue distribution were significantly associated with
this activated phenotype of neutrophils, including the release of arginase-1 in the tumor tissue. These
results provide a possible functional relationship between the metabolic status of the patients and
disease progression, through an active immunosuppressive role of neutrophils within the kidney tumor
microenvironment.
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Introduction

Neutrophils constitute the most abundant subset of leuko-
cytes in human blood, and their role in cancer is becoming
widely appreciated.1 Accumulating evidence suggests that
neutrophil-derived myeloid suppressor cells (MDSCs) are
importantly pro-tumorigenic, as they can modulate and sup-
press the function of innate and adaptive immune cells.2–4

The development of dysfunctional neutrophils, such as neu-
trophil-derived MDSCs, is reported to be related to both
host-derived (body mass index-BMI-, and adipokines) and
cancer-derived (granulocyte-monocyte colony stimulating
factor, chemokines) factors, which skew neutrophil pheno-
type and effector functions toward an immunosuppressive
state.2,3 In addition, patient adiposity and systemic metabolic
state, and the dynamics of immune cell populations in the
peripheral blood, are reported to be important clinical fac-
tors for predicting outcomes in cancer patients. In kidney
cancer, a high blood neutrophil-to-lymphocyte ratio (NLR),
increased numbers of tumor-associated neutrophils, and
high BMI are independent negative prognostic factors for
disease progression, survival, and therapeutic efficacy.5–9

Given that these clinical studies suggest a role for neutro-
phils in promoting kidney cancer progression, we

characterized the phenotype and function of blood and
tumor-associated neutrophils in patients. Moreover, we
compared the metabolic profile of blood neutrophils in kid-
ney cancer patients to that of healthy donors to examine
metabolic pathways and substrate utilization differences at
baseline and upon activation.

Methods

Human subjects

Kidney cancer patients undergoing partial or radical
nephrectomy were recruited at the Emory University
Hospital. Blood and tumor tissue were collected at the time
of surgery, and blood was collected from healthy donors.
Patients’ magnetic resonance imaging (MRI) or computed
tomography (CT) imaging within 3 months prior to surgery
was obtained and the cross-sectional image at the third lum-
bar vertebra was identified. Body composition was analyzed
via Slice-O-Matic Software V4.3 (Tomovision), as detailed in
the supplemental methods.10 Samples were collected and this
study was completed in accordance with an institutional
review board approved protocol (IRB 00055316), and all
patients provided informed consent.
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Sample collection and processing

Blood was collected in K2-EDTA tubes by venipuncture from
healthy donors and kidney cancer patients at the time of
surgery. Briefly, blood cells were separated from plasma
following 10 min, 400 g centrifugation at 4°C (minimal
brake). Platelet-poor plasma was obtained following
a second 10 min, 3000 g centrifugation at 4°C. Blood cells
were washed and resuspended at the original blood volume
using cold PBS-EDTA (2.5 mM) and used for downstream
assays as detailed in Figure S1A. Intraoperative tumor tissue
samples were harvested in Hank’s Balanced Salt Solution, cut
into small pieces, digested using liberase enzyme cocktail
(Roche), and homogenized into a single cell suspension
using a MACS tissue dissociator (Miltenyi Biotec) for down-
stream assays (Fig. S1A). Isolation of cells for ex vivo immu-
nosuppressive assay is described in the supplemental
methods.

Flow cytometry

Blood and isolated tumor cells were resuspended in PBS-
EDTA (2.5 mM) and stained as detailed in the supplemental
methods. Samples were acquired on an LSR II cytometer (BD
Biosciences) following bead-based machine calibration as pre-
viously described.11 Fluorescence minus one (FMOs) controls
for main outcome measures are shown in Fig. S3. Results were
compensated and analyzed using FlowJo v9.9.5 (TreeStar).

Metabolic profiling

Real-time measurement of the extracellular acidification rate
(ECAR) and oxygen consumption rate (OCR) of blood neu-
trophils was performed using the Seahorse XFp Extracellular
Flux Analyzer (Agilent). Isolated blood neutrophils were
plated on a Seahorse assay plate (supplemental methods)
and exposed to four sequential injections:1 glucose
(10 mM),2 PMA (100 nM) or Seahorse base media,3 diphe-
nyleneiodonium (DPI, 10 µM), and4 2-deoxyglucose
(2-DG, 0.1 M).

Soluble mediators

Arginase-1 was quantified in platelet poor plasma and in tumor
supernatant by ELISA (RayBiotech), while presence of extracel-
lular neutrophil elastase in platelet-poor plasma and in tumor
supernatant was assessed via enzymatic activity by measuring
the rate of digestion of a fluorescent probe (Cayman Chemical).

Statistical analysis

Data were compiled in Excel (Microsoft) and analyzed in JMP
Pro13 (SAS Institute). Non-parametric tests were used, owing
to the low numbers of subjects (<20) as described in the
supplemental methods.

Results

Circulating neutrophils in kidney cancer patients display
an immature-like phenotype

Previous reports associate neutrophil number and neutrophil-
to-lymphocyte ratio as important predictors of overall survival
and response to immunotherapy in kidney cancer.6–9 Based on
these observations, we were interested in further characterizing
the phenotype and key functional markers of circulating neu-
trophils in such patients. Blood was collected from 19 patients
diagnosed with kidney cancer, of which 73.7% presented with
clear cell renal cell carcinoma, and from 17 healthy donors (Fig.
S1B). Characterization of circulating neutrophil phenotype via
whole blood flow cytometry (Fig. S2A) showed
a downregulation of surface CD62L and CD16 in kidney cancer
patients compared to healthy donors (Fig. S2B, C), which
differed from previously reported phenotypes of mature,
band (immature), or CD62Ldim blood neutrophils.
Furthermore, blood neutrophils from kidney cancer patients
had reduced surface expression of the lipopolysaccharide
receptor CD14, reduced surface expression of the phagocytic
receptor CD16, and reduced surface expression of the second-
ary granule and maturation marker CD66b (Figure 1a).
Similarly, patients’ circulating neutrophils also showed
decreased CD63 expression, representing primary granule
release. However, no significant difference was observed on
the recapture of surface enzymes, such as arginase-1 and neu-
trophil elastase, that are usually sequestered within the primary
granules of mature neutrophils (Figure 1b), or in the expression
of antigen presentation-associated receptors human leukocyte
antigen HLA-DR and CD80 (Figure 1c). Interestingly, circulat-
ing neutrophils from kidney cancer patients displayed lower
surface expression of the immunomodulatory protein pro-
grammed death-ligand 1 (PD-L1) (Figure 1c). Together, this
reveals that kidney cancer patients show an immature-like
phenotypic profile in circulating neutrophils that differs from
the mature phenotype seen in healthy donors. These results
suggest that tumor-derived factors and stress signals may alter
myeloid cell demand and promote the early release of imma-
ture neutrophils from the bone marrow.

Circulating neutrophils have heightened metabolic
activity in kidney cancer patients

Immature-like neutrophils are reported to have increased meta-
bolic activity, with enhanced mitochondrial and glycolytic
capacity.12 Thus, we next sought to assess the metabolic profile
and substrate utilization of neutrophils in the peripheral blood
of kidney cancer patients. We determined maximal glycolytic
capacity (Figure 2a-b), basal glycolytic activity (Figure 2c-d),
and oxygen consumption rate (OCR) upon stimulation with
phorbol myristate acetate (PMA) (Figure 2e-f) compared to
baseline (Figure 2g-h). Interestingly, neutrophils from kidney
cancer patients displayed increased glycolysis at resting state
(Figure 2d) and a trend toward increased maximal glycolytic
capacity compared to healthy donor neutrophils (Figure 2b).
Similarly, the OCR at baseline was increased in neutrophils
from kidney cancer patients (Figure 2h); however, the difference
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was abrogated upon PMA stimulation (figure 2f). Furthermore,
the increase in OCR observed upon stimulation was dependent
on nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase activation in both groups, as the administration of the
NADPH oxidase inhibitor diphenyleneiodonium (DPI) abro-
gated the effect of PMA and brought the OCR back to baseline
(Figure 2e). Moreover, the baseline activated state of circulating
neutrophils from kidney cancer patients did not depend on
a heightened pinocytic activity (Fig. S2D). Together, these
results show that immature neutrophils from cancer patients
circulate in an activated metabolic state, with enhanced basal
oxidative and glycolytic capacities when compared to healthy

donors. While this difference was lost at maximal metabolic
activation, these metabolic changes suggest systemic adaptation
to altered, potentially limiting substrate conditions.

Tumor-associated neutrophils display an
immunoregulatory phenotype

Our finding that neutrophils have an immature and metabo-
lically active phenotype in kidney cancer prompted us to
investigate if these systemic changes altered the phenotype
and function of neutrophils within patients’ tumors. We phe-
notyped immune cells recovered from the resected tumors
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Figure 1. Circulating neutrophils in kidney cancer patients display an immature-like phenotype. Blood leukocytes from 14 healthy donors (HD, open symbols)
and 19 kidney cancer patients (closed symbols) were phenotyped by flow cytometry, and neutrophils were defined as CD45+, CD3−, CD66b+. (a) Neutrophil activation
was measured by median fluorescence intensity (MFI) of surface CD14, CD16 and CD66b. (b) Primary granule release was quantified by surface CD63 expression and
surface recapture of primary granule enzymes (arginase-1 and neutrophil elastase). (c) Immunomodulatory capacity of blood neutrophils was assessed by surface
expression of PD-L1, HLA-DR and CD80. Differences between kidney cancer patients and healthy donors were determined using the Wilcoxon rank sum test.
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(Fig. S3A) and compared tissue-infiltrating neutrophils to
circulating neutrophils from the same patient. Tumor neutro-
phils displayed active release of primary granules, as reflected
by increased surface CD63 expression and concomitant

recapture of arginase-1 (Figure 3a), an enzyme contained in
the primary granules of neutrophils, at their surface. The
increased release of primary granule content was accompa-
nied by increased expression of the LPS receptor CD14, and
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Figure 2. Circulating neutrophils from kidney cancer patients show enhanced metabolic activity. Circulating neutrophils from healthy donors (HD, open
symbols) and kidney cancer patients (closed symbols) were plated on Seahorse culture plates in Seahorse media (± glucose and PMA, depending on the condition)
and analyzed for maximal (a-b) and basal (c-d) extracellular acidification rate (ECAR), for spare respiratory capacity (e-f) and basal oxygen consumption rate (OCR)
(g-h) as determinants of glycolysis and oxidative phosphorylation/NADPH activity, respectively. Glycolytic capacity was defined as the difference between maximal
ECAR upon PMA activation and average ECAR upon glucose injection (glycolysis). Differences between kidney cancer patients and healthy donors were determined
using the Wilcoxon rank sum test.
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increased release of secondary granules (based on CD66b
expression, Figure 3b). Moreover, tumor-associated neutro-
phils showed increased surface expression of immunoinhibi-
tory mediators arginase-1, neutrophil elastase, and PD-L1
(Figure 3b), suggesting a potential role for tumor-infiltrating
neutrophils in suppressing the anti-tumor T cell response. In
contrast, no changes were observed in surface expression of
the phagocytic receptor CD16 (Fig. S3B) or in the ability to
present antigens through the major histocompatibility com-
plex II HLA-DR (Fig. S3C). Finally, the co-stimulatory mole-
cule CD80 was increased in tumor-associated compared to
circulating neutrophils (Fig. S3D). These findings demon-
strate that upon migration to the cancer tissue, neutrophils

acquire phenotypic and functional changes associated with an
immunosuppressive state.

Systemic metabolic state correlates with active release of
neutrophil-derived granules in the tumor

We were next interested in how clinical factors correlated with
phenotype and function of tumor-infiltrating neutrophils. As
BMI was previously identified as one of the main risk factors for
developing several cancers, including kidney cancer, 13 we were
interested in investigating the relationship between patient char-
acteristics (BMI, age, sex, NLR) and neutrophils in the tumor
tissue. While NLR, age and sex did not correlate with measures

Figure 3. Tumor-associated neutrophils from kidney cancer patients display an immunosuppressive phenotype. (a) Representative flow cytometry plots of
CD63 and arginase-1 expression on matched circulating (blood) and tumor neutrophils from kidney cancer patients. Data are shown for two kidney cancer patients.
(b) Comparison of neutrophil activation and expression of immunomodulatory surface receptors. Differences between circulating and tumor-associated neutrophils
within kidney cancer patients were determined using the Wilcoxon matched-pairs signed rank test.
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of neutrophil activation and granule release, increased adiposity
(measured by BMI) correlated with primary and secondary
granule release, as well as increase surface recapture of argi-
nase-1 in the tumor. Interestingly, neutrophil granule release in
the tumor tissue may also be related to adipose tissue distribu-
tion, as increased subcutaneous adipose tissue (SAT), but not
visceral adipose tissue (VAT), positively correlated with argi-
nase-1 and neutrophil elastase secretion in the tumor tissue.
Neutrophil release of secondary granules, measured by surface
CD66b, correlated with both BMI (Rho = 0.71, p = .018) and
SAT (Rho = 0.78, p = .013) (Figure 4a-b). Likewise, both surface
CD63 (primary granule release) and surface arginase-1 posi-
tively correlated with clinical measures of obesity-associated
metabolic syndrome (Figure 4c-f). Interestingly, while neutro-
phil surface expression of arginase-1 differed between low and
high patient BMI groups (Fig. S4A), neutrophil elastase, which
is contained in the same granules, did not differ between the
two obesity (overweight and obese) groups (Fig. S4B), suggest-
ing the possibility of differential compartmentalization between
arginase-1 and neutrophil elastase after their release from pri-
mary granules. Similar to surface neutrophil elastase, the free
extracellular forms of both arginase-1 and neutrophil elastase
did not differ between the two BMI categories. These results
suggest that adipokines or other adipose-related factors may
promote the release of granules containing active enzymes,
such as arginase-1, that are known to suppress the T cell-
mediated anti-tumor immune response. Given these results,
we tested the ability of tumor neutrophils and the tumor micro-
environment to suppress CD4+ and CD8+ T cells proliferation
and activation ex vivo (Fig. S6 and S7). Both, neutrophils and
the tumor supernatant decreased T-cell proliferation and acti-
vation (Figure 4g-f).

Discussion

Neutrophils play an important role in predicting patient out-
comes in kidney cancer, as they make up an important part of
the most widely used prognostic score for overall survival,
International Metastatic RCC Database Consortium
(IMDC).1,5,6 The findings presented herein show that, in addi-
tion to changes in ratios of circulating leukocytes, factors such
as neutrophil phenotype and activation state may also contri-
bute to disease progression in kidney cancer. Neutrophils in
kidney cancer patients display an immature-like phenotype and
a primed metabolic state, with enhanced basal glycolytic and
oxidative capacities. The immature-like phenotype of circulat-
ing neutrophils in kidney cancer patients was characterized by
downregulation of key surface molecules that are necessary for
innate immune responses. The downregulation observed in the
surface expression of the phagocytic receptor CD16 may be
consistent with the advanced age of kidney cancer patients,
12,14 though previous studies in elderly donors did not show
modulation of other surface receptors (CD14, CD63, CD66b),
suggesting that the phenotypic state of circulating neutrophils
observed in this study is cancer-dependent. The immature-like
phenotype in neutrophils from cancer patients may be due to an
emergency hematopoiesis response in the bone marrow. This
interpretation is further supported by the primed resting meta-
bolic state of the neutrophils in kidney cancer patients. Our

findings are consistent with previous reports, where circulating
neutrophils from tumor-bearing mice displayed an immature-
like phenotype and a primed metabolic state in a model of
breast cancer (4T1).15 Together, these results suggest that the
tumor microenvironment promotes the release of immature-
like neutrophils with a primed/activated metabolic state from
the bone marrow into the circulation.

The activated metabolic phenotype observed in circulat-
ing neutrophils from kidney cancer patients prompted us to
assess whether the patients’ systemic metabolic state was
related with circulating or tumor-associated neutrophil func-
tion. Obesity, systemic metabolism, and patient fitness are
emerging as influencing factors for cancer free-survival as
both preemptive measures and post-operative disease
progression.16–18 Obesity causes a state of chronic low-
grade inflammation, where soluble factors, such as cytokines,
chemokines, and growth factors are systemically modulated.
This has been shown to give rise to immunosuppressive
populations, notably MDSCs, as compensatory mechanisms
to counteract obesity-associated diseases. Indeed, several
research groups, including the International Agency for
Research on Cancer, report a strong association between
obesity and risk of developing kidney cancer, as well as
cancer mortality.13 Bhaskaran et al. (2014), reported a 1.25-
fold increase in the hazard ratio for every 5 kg/m2 increase in
BMI in a study of 1,900 patients in the United Kingdom. Our
findings show a strong relationship between obesity and
neutrophil release of an enzyme known to suppress T-cell
function at the tumor site. Neutrophils from kidney cancer
patients with higher BMIs had greater immune suppressive
activity, with heightened release of primary and secondary
granules, as well as surface expression of arginase-1.
Importantly, depletion of arginine by arginase-1 has been
reported to suppress CD8 anti-tumor responses in cancer
models.19–22 Additionally, our results also show an associa-
tion between adipose tissue distribution and primed/acti-
vated neutrophil phenotype in the tumor tissue. Given the
known heterogeneity within adipose tissue, it is possible that
subcutaneous adipose tissue produces local soluble factors/
adipokines that support changes in neutrophil phenotype
and function, which in turn promote disease progression.
Future studies are needed to identify the function and
mechanisms by which soluble molecules from specific adi-
pose tissue sites modulate neutrophil behavior toward an
immunosuppressive state in cancer.

In conclusion, this study highlights that circulating neu-
trophils from kidney cancer patients have phenotypically and
metabolically distinct phenotypes from those of healthy
donors. Additionally, we provide preliminary evidence that
implicates systemic chronic low-grade inflammation and obe-
sity in promoting an activated neutrophil phenotype with
possible suppressive capacity in the tumor microenvironment.
Further characterization of the mechanisms leading to release
of immunomodulatory enzymes, such as arginase-1 and neu-
trophil elastase, by tumor-associated neutrophils would pro-
vide novel therapeutic targets and opportunities to enhance
the efficacy of current immunotherapies, 23–25 as both argi-
nase-1 and neutrophil elastase have been shown to play a role
in modulating tumor-infiltrating lymphocyte behavior.19–22
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Figure 4. Systemic metabolic state correlates with degranulation by tumor-associated neutrophils. Correlations are shown between tumor-infiltrating
neutrophil surface expression of granule release markers related to secondary granules (CD66b) (a-b), primary granules (CD63) (c-d) and the effector enzyme
arginase-1 (e-f), and BMI or subcutaneous adipose tissue. BMI was calculated using the patients’ height and weight and subcutaneous adipose tissue area was
calculated using an MRI dissection system as described in the methods. (g-h) Co-culture assay of T-cells with blood neutrophils (BN), tumor neutrophils (TN), and
tumor supernatant (TS). Correlations were assessed using Spearman’s test, while comparison for the T cells assay was performed using the Friedman’s test with
uncorrected Dunn’s test (* p < .05; *** p < .001).
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