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Abstract

Tumor-induced myeloid-derived suppressor cells (MDSC) contribute to immune suppression in
tumor-bearing individuals and are a major obstacle to effective immunotherapy. Reactive oxygen
species (ROS) are one of the mechanisms used by MDSC to suppress T cell activation. Although
ROS are toxic to most cells, MDSC survive despite their elevated content and release of ROS.
Nuclear factor erythroid derived 2-like 2 (Nrf2) is a transcription factor that regulates a battery of
genes which attenuates oxidative stress. Therefore, we hypothesized that MDSC resistance to ROS
may be regulated by Nrf2. To test this hypothesis, we utilized Nrf2*/* and Nrf2~~ BALB/c and
C57BL/6 mice bearing 4T1 mammary carcinoma and MC38 colon carcinoma, respectively. Nrf2
enhanced MDSC suppressive activity by increasing MDSC production of H,O», and increased the
quantity of tumor-infiltrating MDSC by reducing their oxidative stress and rate of apoptosis. Nrf2
did not affect circulating levels of MDSC in tumor-bearing mice since the decreased apoptotic rate
of tumor-infiltrating MDSC was balanced by a decreased rate of differentiation from bone marrow
progenitor cells. These results demonstrate that Nrf2 regulates the generation, survival and
suppressive potency of MDSC, and that a feedback homeostatic mechanism maintains a steady-
state level of circulating MDSC in tumor-bearing individuals.
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Introduction

The microenvironment of solid tumors (tumor microenvironment; TME) is frequently
inflamed and oxidatively stressed due to hypoxia, the presence of reactive oxygen species
(ROS), and multiple pro-inflammatory mediators (1). Therefore, cells in this environment
must mitigate oxidative radicals in order to survive. Tumor cells survive this environment by
having elevated levels of stabilized nuclear factor (erythroid-2)-related factor 2 (Nrf2),
which enhances tumor cell proliferation and resistance to chemotherapy, and promotes
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tumor growth (2-4). Nrf2 is a basic-leucine-zipper (bZIP) transcription factor that is
ubiquitously expressed in many tissues and cells (2, 5-7). Under normal redox conditions,
Nrf2 is restricted to the cytoplasm by Kelch-like ECH-associated protein 1 (Keapl), which
promotes the polyubiquitination of Nrf2, leading to its destruction by the 26s proteasome
(8-12). Oxidative stress stabilizes Nrf2 by oxidizing key thiol residues on Keapl, which
causes conformational changes of Keapl that prevent Nrf2 polyubiquitination and
subsequent degradation (13-15). Nrf2 can also be stabilized through direct phosphorylation
by kinases involved in inflammatory signaling cascades (e.g. KRAS, MYC, PKC, ERK,
MAPK, and p38) (16-21). Once stabilized, Nrf2 translocates to the nucleus where it
heterodimerizes with other bZIP transcription factors including Jun (c-Jun, Jun-D, and Jun-
B) and small Maf (MafG, MafK, and MafF) (22-27) and up-regulates genes containing an
antioxidant response element (ARE) in their promoter (28-30). Activation of these
antioxidant genes quenches oxidative stress and promotes detoxification, thereby protecting
cells from oxidative toxicity.

Cells of the immune system are also present in the TME and must protect themselves against
oxidative radicals. Myeloid-derived suppressor cells (MDSC) are immature myeloid cells
that suppress T cell activation and proliferation (31), perturb naive T cell trafficking to
lymph nodes (32), impair NK cell cytotoxicity (33), induce T regulatory cells (34), and skew
macrophages to a tumor promoting (type 1) phenotype (35). MDSC are present in most
solid tumors where they contribute to oxidative stress by their production of superoxide (36).
Superoxide produced by MDSC rapidly reacts with a large number of molecules to form
ROS such as hydrogen peroxide (H,05), hydroxyl radical, hypochlorous acid, and
peroxynitrate (ONOO™; e.g. PNT), which damage proteins, lipids, and nucleic acids,
enhance inflammation, and promote apoptosis. H,O, reduces T cell expression of CD3(
chain thereby limiting their ability to become activated and mediate anti-tumor immunity
(37, 38). Nitration/nitrosylation of T cell receptors (39) and MHC class | molecules (40) by
PNT disrupts T cell-tumor antigen interactions and renders tumor cells resistant to CTL-
mediated lysis. Despite their high intracellular content of ROS and their secretion of ROS,
which constantly exposes them to oxidative stress, MDSC accumulate and function in
tumor-bearing patients and animals. Given that tumor cells are protected from oxidative
stress by Nrf2, we hypothesized that Nrf2 may also protect MDSC from oxidative stress.

To elucidate the role of Nrf2 in MDSC, we examined the survival time of tumor-bearing
BALB/c and C57BL/6 Nrf2*/* and Nrf2~/~ mice, and the generation, survival, suppressive
potency, and tumor-infiltration of MDSC in these mice. Wild type tumor-bearing mice have
a decreased survival time and have more tumor-infiltrating and more suppressive MDSC
compared to Nrf2-deficient mice. The increase in tumor-infiltrating MDSC is the result of a
reduced rate of MDSC apoptosis. However, Nrf2 does not affect the level of MDSC in the
periphery because a homeostatic regulatory mechanism increases MDSC generation from
bone marrow progenitor cells.
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Materials and Methods

Mice

BALB/c (Nrf2*/*), BALB/c Nrf27/~, C57BL/6 (Nrf2*/*), and C57BL/6 Nrf2~~ mice were
bred in the UMBC animal facility from stock obtained from The Jackson Laboratory
(C57BL/6 and BALB/c) or provided by Dr. Masayuki Yamamoto (RIKEN, Japan; BALB/c
Nrf2*/7) and Dr. Shyam Biswal (Johns Hopkins School of Public Health; C57BL/6 Nrf27/-).
BALB/c Nrf2~~ mice were generated by mating BALB/c Nrf2*/~ x BALB/c Nrf2*/~ mice.
BALB/c Nrf2~~ and Nrf2*/* offspring were identified by PCR typing (Supplemental Fig.
1A, 1B). DNA was isolated from pups (Qiagen, QlAamp DNA blood mini kit, per the
manufacturer’s protocol), and amplified using primers specific to Nrf2 and lac Z under the
following conditions: 94°C melting for 30 seconds, 56°C annealing for 30 seconds, 72°C
extension for one minute, for 30 cycles. Homozygous knockouts have a 400kb band;
heterozygotes 400 and 734kb bands; and homozygous wild type mice a 734kb band.
BALB/c Nrf2*/* littermates from these matings served as controls. C57BL/6 Nrf2~/~ mice
were generated by crossing C57BL/6 Nrf2~/~ x C57BL/6 Nrf2~/~ mice. Nrf2-deficiency was
further verified by qPCR analysis glutamate-cysteine ligase, modifier subunit (GCLM),
heme oxygenase 1 (HO-1), catalase, and NAD(P)H dehydrogenase, quinone 1(NQO1),
genes that are regulated by Nrf2 (Supplemental Fig. 1B, 1C). 107 MDSC from 4T1-bearing
Nrf2*/* or Nrf2~/~ mice were suspended in IMDM supplemented with 10% Fetal Clone |
(Thermo Scientific, Waltham, MA), 1% penicillin-streptomycin, 1% glutamax, and 0.1%
gentamycin, and plated in 35mm petri dishes in the presence of tert-butylhydroquinone
(tbHQ, 50 uM; Sigma Aldrich, St. Louis, MO) or vehicle control (DMSO). Cultures were
incubated for 6 hours (37°C, 5% CO>) and harvested. RNA was isolated with TRIzol reagent
(ThermoFisher, Grand Island, NY) and chloroform extraction. cDNA was synthesized using
a Maxima First Strand cDNA Synthesis Kit (ThermoFisher) as per the manufacture’s
protocol. Quantitative PCR was performed using KiCqStart SYBR Green gPCR ReadyMix
(Sigma Aldrich) with 100 nM of forward and reverse primers (Supplemental Fig. 1B) on a
CFX96 Real-Time System (Bio-Rad, Hercules, CA) under the following conditions; 95°C
melting for 10 seconds, 57°C annealing/extension for 30 seconds, for 40 cycles. Data were
analyzed using CFX Manager (Bio-Rad), and Nrf2-regulated genes were normalized to the
housekeeping gene L32 by the ACt method.

Tumor cells and tumor growth

BALB/c-derived 4T1 mammary carcinoma and C57BL/6-derived MC38 colon carcinoma
were maintained as described (41), and have been in the authors’ lab for more than 15 and 8
years, respectively. 4T1 cells were originally obtained from Dr. Fred Miller (Karmanos
Cancer Center) and MC38 cells from Dr. Dmitry Gabrilovich (Wistar Institute). Cell lines
were routinely checked for mycoplasma and early freeze-downs were preferentially used.
Mice were inoculated in the abdominal mammary gland with 100uL DMEM containing
7x103 or 10° 4T1 cells, or in the flank with 5x10° MC38 cells. Primary tumors were
measured as described (42). Survival time was recorded when mice became moribund and
were euthanized. All animal procedures were approved by the UMBC Institutional Animal
Care and Use Committee.
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In vivo generation of MDSC

MDSC were harvested from the peripheral blood of tumor-bearing mice as described (41).
Briefly, 4T1 tumor-bearing Nrf2*/* and Nrf2~/~ mice with tumors >10mm in diameter were
bled by submandibular venipuncture into 500uL of a 0.008% heparin solution. Red blood
cells were removed by lysis, and the remaining cells were analyzed by flow cytometry for
MDSC. Cell populations containing >90% Gr1*CD11b* cells were utilized in all functional
assays.

Flow cytometry reagents and antibodies

Monoclonal antibodies rat anti-mouse CCR2-PE, CD3-FITC, CD4-APC-Cy7, CD8-APC,
CD11b-APC, CD11b-APC-Cy7, CD11c-FITC, CD45-PB, CD45R-PE, CD62L-PE,
CXCR4-PE, Ly6C-PE, Gr1-APC-Cy7, Ly6G-Alexa 647, isotype rat IgG2b-PE,
dichlorofluorescein diacetate (DCFDA), propidium iodide (PI), Annexin V, and 7AAD were
from BD Pharmingen (San Diego, CA) or BioLegend (San Diego, CA). Cells were stained
with antibodies, with Annexin V and PI, or with DCFDA as described (43, 44). Samples
were analyzed on a Beckman/Coulter Cyan ADP flow cytometer using Summit software.

Tumor infiltrating cells

Tumors were dissociated using a modified protocol from the Tissue Dissociation Kit
(protocol 2.2.1; Miltenyi Biotech, Bergisch Gladbach, Germany) with a GentleMACS
Dissociator. Tumors 8 to 12 mm in diameter were resected from 4T1-bearing mice, cut in
half, and each half placed into a GentleMACS C tube containing 5mL of dissociation
medium (DMEM with 300U/mL collagenase 1V, 0.1% hyaluronidase, and 2kU/mL DNase
I). Tumors were then minced with scissors into 2-4mm pieces, processed on the
GentleMACS Dissociator with the program m_impTumor_02, and then rotated (10 rpm;
Glas-Col Rotator) at 37°C for 40 minutes. Samples were then processed twice on the
GentleMACS Dissociator using the program m_impTumor_03. The resulting material was
filtered through a 70uM mesh filter and the cells that passed through the filter were washed
twice with 10 mL DMEM (Beckman Allegra 6R centrifuge, 5009 for 3 minutes),
resuspended in 4mL DMEM, and subjected to ficoll-plaque density gradient centrifugation
(Beckman Allegra 6R centrifuge, 1400g for 20 min at 20°C). Live cells were isolated from
the ficoll-aqueous interface, washed twice with DMEM, stained with 7AAD and for F4/80,
Grl or Ly6G and Ly6C, CD3, CD4, CD8, CD11h, CD11c, CD45, and CD45R (B220), and
assessed by flow cytometry. Cell percentages were calculated as a percentage of
7AAD~CD45* cells.

MDSC differentiation from bone marrow

MDSC were generated from bone marrow progenitors as described (45). Briefly, bone
marrow was flushed aseptically from the femurs of naive mice. RBCs were lysed with Gey’s
solution and the resulting cells were assayed for the percentage of Gr1*CD11b™" cells, and
cultured for four days (37°C, 5% CO,) at 4.2 x 10° cells/2 mL RPMI medium supplemented
with 10% FCS, 80 ng/mL IL-6, and 80 ng/mL GM-CSF/2 ml/well in 6 well plates. At the
end of culture, the total number of cells was determined, and the percentage of granulocytic
(Ly6GhiLy6C!°CD11b*; PMN-MDSC) and monocytic (Ly6G!°Ly6ChCD11b*; M-MDSC)
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MDSC was determined by flow cytometry. Number of MDSC = [(total number of cells) x
(% M-MDSC and/or PMN-MDSC)]. Ratio of MDSC from Nrf2~/~ vs Nrf2*/* mice = (Total
MDSC from Nrf2~~ mice)/(Total MDSC from Nrf2*/* mice). Ratio PMN-MDSC to M-
MDSC = (Total PMN-MDSC)/(Total M-MDSC).

Apoptosis Assay

Live MDSC were identified as 7AAD™ or PI~ and Gr1*CD11b* or CD11b*Ly6G*, or
CD11b*Ly6C* cells. The percent decrease in apoptosis = 100 x [1-(% Annexin V* MDSC
from Nrf2*/* mice/% Annexin V* MDSC from Nrf2~/~ mice)]. For some experiments,
MDSC were harvested from the blood of 4T1-tumor bearing mice, re-suspended in HL-1
media (supplemented with 1% penicillin-streptomycin, 1% glutamax, and 0.1%
gentamycin), and plated in 6cm petri dishes. Gri*CD11b* cells were assessed for viability
by PI staining.

ROS detection

Reactive oxygen species (ROS) were measured by H,0, detection using an Amplex Red
Hydrogen Peroxide Assay Kit (Invitrogen) as described (46). Briefly, MDSC were
suspended in Dulbecco’s PBS at 2.5 x 108/mL and 5 x 104 cells/50 pl were plated per well
in 96 well black, flat-bottom plates (Greiner Bio-One, Monroe, NC). Thirty ng/ml PMA and
50 ul Amplex Red Reagent were added to each well. Plates were incubated at 37°C and
fluorescence (excitation at 530 nm, emission at 590 nm) was measured for one hour at 5-
minute intervals using a Biotek Synergy 2 microplate plate reader (Winooski, VT, USA). A
standard curve was generated by serial dilutions of 20 uM H-,O,.

T cell activation

T cell activation was measured as described (44). Briefly, 10° splenocytes from DO11.10
(ovalbumingys_339-specific, /-A%restricted), TS1 (hemagglutiningqo_119-specific, /-£%-
restricted), Clone4 (hemagglutinins;g_sog-specific, H-2K%restricted), or OT1
(ovalbumin,sy_oga-specific, H-2KP-restricted) transgenic mice were cultured with their
respective cognate peptides and varying concentrations of irradiated (20Gy) MDSC from the
blood of 4T1 tumor-bearing mice. Catalase (1000 or 500 U/ml; Sigma Aldrich), sodium
pyruvate (5 or 2.5 uM; Sigma Aldrich), nor-NOHA (500 uM; Calbiochem, CA), or L-
NMMA (500 pM; Calbiochem) were included in some assays. Reversal of suppression =
-100% x [1 = (CPMpo 1nhibitor/CPMinhibitor)]. FOr some experiments, Nrf2*/* MDSC were
either initially cultured with splenocytes, or added after the addition of cognate peptide.
Fresh MDSC were used for experiments in which MDSC were added to overnight
splenocyte cultures. Cultures were pulsed with 3H-thymidine (1nCu/250uL) on day 4 and
harvested on day 5. Peptides were synthesized at the University of Maryland Baltimore
(UMB) Biopolymer Core Facility.

MDSC-macrophage cross-talk

Peritoneal macrophages were prepared from tumor-free mice as described (35) and were
>95% CD11b* F4/807 cells as assessed by flow cytometry. MDSC and macrophage cross-
talk experiments were performed as described (47). Supernatants were analyzed for IL-10

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beury et al.

Page 6

using ELISA kits (R&D Systems and eBioscience, San Diego, CA) per the manufacture’s
protocol. NO was assayed by Griess assay as described (47).

Statistical Analyses

Results

Student’s #test and Tukey’s Honestly Significant Difference (HSD) test were performed
using Microsoft Excel 2013. Values denoted with different letters (e.g. a, b, ¢, etc.) are
significantly different from each other; values with the same letter are not significantly
different. Tumor growth and ROS data were analyzed using the Mann-Whitney test on the
www. VassarStats.net website. Survival data were analyzed using the log-rank test from the
Walter and Eliza Hall Institute of Medical Research Bioinformatics webpage (http://
bioinf.wehi.edu.au/software/russell/logrank/). Values of p<0.05 were considered statistically
significant. Values are £ SD.

Host expression of Nrf2 enhances tumor progression

The role of host-derived Nrf2 in tumor progression has been controversial. Some studies
indicate that Nrf2 supports tumor growth (48-53), while other studies suggest it deters
carcinogenesis (54-58). To determine whether host Nrf2 contributes to or deters tumor
growth in BALB/c and C57BL/6 mice, Nrf2*/* and Nrf2~~ BALB/c and C57BL/6 mice
were injected with syngeneic 4T1 mammary carcinoma or MC38 colon carcinoma,
respectively, and followed for primary tumor growth (Fig. 1A) and survival (Fig. 1B). Nrf2
did not impact the growth rate of either primary tumor. However, tumor-bearing Nrf2+/*
mice had decreased mean survival times compared to Nrf2~~ mice (BALB/c: 42.2 vs 50.8
days; 0% and 27.27% of mice survived >100 days, respectively; C57BL/6: 35.8 vs. 43 days;
12.5% and 77.78% of mice survived >50 days, respectively), indicating that Nrf2 supports
tumor progression in these mouse strains.

Host expression of Nrf2 enhances MDSC suppressive potency and the quantity of tumor-
infiltrating MDSC

If Nrf2 mediates its effects by increasing MDSC suppressive potency, then MDSC from
tumor-bearing Nrf2*/* mice will be more suppressive than MDSC from Nrf2~/~ mice. To
test this possibility, titered quantities of MDSC from tumor-bearing BALB/c Nrf2*/* and
Nrf2~/~ mice were co-cultured with T cells from TcR transgenic mice plus cognate peptide,
and the cultures assayed for T cell activation (Fig. 2A; Supp. Fig. 2A). Both CD4* and
CD8" T cells were suppressed more efficiently by MDSC from Nrf2*/* mice than by MDSC
from Nrf2~/~ mice, suggesting that Nrf2 drives the suppressive potency of MDSC. Since
differences in MDSC viability may impact suppressive potency, we determined the kinetics
of MDSC-mediated suppression (Supplemental Fig. 2B) and then assessed the viability of
MDSC at the time they would be active (Supplemental Fig. 2C). Addition of MDSC to
splenocyte plus cognate peptide cultures at or after 19 hrs did not result in suppression,
indicating that MDSC viability was only relevant at <16 hrs, although viability did not differ
up to 24 hrs in culture. These data demonstrate that MDSC from Nrf2*/* mice are more
suppressive than MDSC from Nrf2~/~ mice and that the difference is not due to differences
in MDSC viability.
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MDSC use several mechanisms to inhibit T cells, such as the secretion of ROS, including
H»0,, which decreases T cell expression of IL-2, IFNy, and CD3( (36, 59), and the
production of arginase which deprives T cells of the amino acid arginine, leading to CD3(
synthesis arrest (60). MDSC also sequester cysteine which is an essential amino acid for T
cell activation (61). MDSC from Nrf2*/* mice secrete more H,0, than MDSC from Nrf2~/~
mice (Figure 2B). H,0, contributes to the suppressive potency of MDSC since inclusion of
the H,O, scavengers catalase or sodium pyruvate in cultures of MDSC plus transgenic T
cells plus cognate peptide, significantly increased T cell activation (Fig. 2C, Supplemental
Fig. 2D). Neither MDSC from Nrf2*/* nor Nrf2~~ mice produce nitric oxide (NO;
Supplemental Fig. 3A), and the NOS2 inhibitor L-NMMA did not rescue T cell activation in
the presence of MDSC (Fig. 2C, Supplemental Fig. 2D). MDSC from both Nrf2*/* and
Nrf2~/~ mice use arginase to suppress T cell activation since inclusion of the arginase
inhibitor nor-NOHA restores T cell activation (Fig. 2C; Supplemental Fig. 2D), and there is
no difference in their content of arginase (Supplemental Fig. 3B). MDSC from both wild
type and knockout mice express similar levels of XCT, the chain of the dimeric x.-
transporter that regulates the uptake of cystine (Supplemental Fig. 3C). These results
indicate that MDSC from Nrf2*/* and Nrf2~~ mice utilize similar mechanisms to suppress T
cell activation and proliferation, but MDSC from Nrf2*/* mice are more suppressive because
they produce more H,0,.

MDSC also promote tumor progression by down-regulating L-selectin on naive T cells
thereby preventing naive T cell trafficking into lymph nodes (32), and they produce IL-10
which polarizes macrophages towards a tumor-promoting phenotype (35). MDSC from
Nrf2*/* and Nrf2~/~ tumor-bearing BALB/c mice equally down-regulated T cell L-selectin
(Supplemental Fig. 3D) demonstrating that Nrf2 does not affect naive T cell entry into
lymph nodes. Using MDSC and macrophages from BALB/c IL-10"* and IL-10~/~ mice, we
previously demonstrated that in co-cultures of MDSC and macrophages, MDSC are the sole
producers of IL-10, and that MDSC production of IL-10 is enhanced by macrophages (35,
47, 62). Surprisingly, Nrf2 decreased MDSC production of 1L-10, thus reducing the ability
of MDSC to polarize macrophages towards a type 2 phenotype (Supplemental Fig. 3E).
These results indicate that Nrf2 does not impact the ability of MDSC to decrease T cell
homing to lymph nodes, but does reduce the ability of MDSC to polarize macrophages
towards a tumor-promoting phenotype.

Since MDSC are present in most solid tumors where they can exert pro-tumor activity (63),
we assessed the proportion of MDSC in 4T1 primary tumors resected from BALB/c Nrf2*/*
and Nrf2~~ mice (Fig. 2D). Tumors derived from Nrf2~/~ mice had significantly fewer
MDSC compared to tumors from wild type littermates. However, the ratio of tumor-
infiltrating PMN-MDSC to M-MDSC was the same in Nrf2*/+ and Nrf2~/~ mice
(Supplemental Fig. 4A). The proportion of tumor-infiltrating CD11c*, CD4", and CD8*
cells did not differ between the Nrf2*/* and Nrf2~/~ mice, but tumors from Nrf2~/~ mice
contained significantly more F4/80* and B220™ cells (Fig. 2D).

To determine if the differences in tumor-infiltrating MDSC were due to differences in
MDSC trafficking, MDSC were isolated from the peripheral blood, bone marrow, and tumor
of 4T1-bearing Nrf2*/* and Nrf2~/~ mice and assayed for CCR2 and CXCR4, chemokine
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receptors that regulate MDSC migration (64, 65) (Supplemental Fig. 4B). CCR2 and
CXCR4 expression did not differ between MDSC from Nrf2*/* and Nrf2~/~ mice. Likewise,
MDSC from Nrf2*/* and Nrf2~~ mice migrated at the same rate in a transwell chemotaxis
assay (Supplemental Fig. 4C), indicating that Nrf2 does not influence MDSC trafficking.

Collectively, these data suggest that Nrf2 decreases the survival time of tumor-bearing mice
by enhancing MDSC suppressive activity and by increasing the accessibility of MDSC to the
TME.

Nrf2 decreases MDSC oxidative stress and apoptosis

Since the increased number of tumor-infiltrating MDSC in Nrf2*/* mice was not due to
enhanced MDSC trafficking, we speculated that MDSC in Nrf2*/* mice had lower levels of
intracellular ROS and therefore were less oxidatively stressed. Therefore, we assessed
intracellular ROS levels in MDSC from 4T1-bearing Nrf2*/* and Nrf2~~ mice and in
MDSC differentiated in vitro from bone marrow progenitor cells. MDSC in the blood of
Nrf2*/* 4T1-bearing mice had significantly lower levels of intracellular ROS compared to
MDSC in Nrf2~/~ mice as measured by DCFDA fluorescence (Fig. 3A), as did MDSC
differentiated from bone marrow progenitor cells of Nrf2*/* mice (Fig. 3B). Therefore, Nrf2
reduces intracellular ROS, consistent with the concept that MDSC in Nrf2*/* mice survive
longer due to reduced oxidative stress.

To determine if reduced levels of oxidative stress in MDSC from Nrf2*/* mice correlate with
reduced apoptosis, in vivo tumor-induced and in vitro differentiated MDSC were examined
for apoptosis. Circulating MDSC from 4T1 tumor-bearing Nrf2*/* and Nrf2~/~ mice were
stained for Gr1 and CD11b, and with Annexin V (Fig. 4A). MDSC from Nrf2*/* mice were
53% less apoptotic than MDSC from Nrf2~/~ mice. MDSC differentiated in vitro in bone
marrow cultures were similarly analyzed except dead cells were excluded by 7AAD
staining. In vitro differentiated MDSC from Nrf2*/*mice were 29% less apoptotic compared
to MDSC from Nrf2~/~ mice (Fig. 4B), confirming the concept that reducing oxidative stress
decreases apoptosis.

A decrease in apoptotic rate could result in an increase in circulating MDSC. This possibility
was tested by comparing the levels of MDSC in the blood of tumor-bearing Nrf2*/* vs.
Nrf2~/~ mice. Mice with the same tumor diameters were compared to eliminate MDSC
differences due to different tumor burdens (Supplemental Fig. 4D). There was no difference
in the level of circulating MDSC in tumor-bearing Nrf2*/* and Nrf2~/~ mice, indicating that
the differential apoptotic rates did not impact MDSC accumulation in blood.

Nrf2-deficiency increases the rate of MDSC generation in the bone marrow

Since MDSC from Nrf2~/~ mice are more apoptotic than MDSC from Nrf2*/* mice, yet
tumor-bearing Nrf2** and Nrf2~/~ mice have similar levels of circulating MDSC, we
hypothesized that MDSC differentiate more rapidly in Nrf2~~ mice. To test this hypothesis,
bone marrow cells from tumor-free Nrf2*/* and Nrf2~/~ mice were cultured under conditions
to promote MDSC differentiation, and the number of resulting MDSC was quantified (Fig.
5A). C57BL/6 and BALB/c Nrf2~/~ bone marrow produced 16% and 76% more MDSC than
the corresponding Nrf2*/* bone marrow, respectively. The increases were due to the
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expansion of PMN-MDSC (Fig. 5B). Therefore, Nrf2 reduces the rate of MDSC generation
from bone marrow progenitor cells. Taken together with the apoptotic studies of Fig. 4, these
data indicate that circulating MDSC levels are maintained by a balance between the
generation of MDSC in the bone marrow and their turn-over in the periphery.

Discussion

For cells to survive the hostile TME, they must protect themselves against oxidative stress.
Since Nrf2 regulates many genes that enable cells to survive oxidative stress, we examined
the role of Nrf2 in the maintenance of MDSC suppressive activity, survival, and presence in
solid tumors. Nrf2 enhanced MDSC suppressive activity by increasing MDSC production of
H,0,, and increased the quantity of tumor-infiltrating MDSC by reducing their oxidative
stress and apoptotic rate. Nrf2 did not affect circulating levels of MDSC in tumor-bearing
mice since the decreased apoptotic rate of tumor-infiltrating MDSC was balanced by a
decreased rate of differentiation from bone marrow progenitor cells. Collectively, these
results provide a new avenue by which Nrf2 regulates tumor progression and add Nrf2 to the
list of genes that govern MDSC accumulation, survival, and function.

Since our studies used mice globally knocked-out for Nrf2, we cannot determine if Nrf2 is
directly impacting MDSC or is indirectly affecting MDSC by acting on other cells which
subsequently influence MDSC development. Regardless of whether the effects are direct or
indirect, Nrf2 regulates MDSC survival, function, and homeostasis.

The TME is an inflamed milieu that includes multiple cell types (e.g. tumor cells, MDSC,
macrophages, dendritic cells, lymphocytes, mast cells, neutrophils cancer-associated
fibroblasts, etc.). These cells participate in a complex crosstalk network that regulates the
production of inflammatory mediators (47). Nrf2 increases the number of tumor-infiltrating
MDSC and therefore enhances the opportunity for crosstalk between MDSC and other
tumor-resident cells. Our previous studies demonstrated that macrophages enhance MDSC
production of IL-10 which in turn polarizes macrophages towards a tumor-promaoting
phenotype (35, 47). Since Nrf2-deficiency increases both macrophage-dependent and
macrophage-independent IL-10 production by MDSC, strategies aimed at limiting Nrf2 may
facilitate the development of pro-tumor macrophages.

Pharmacologic down-regulation of Nrf2 may decrease the quantity of tumor-infiltrating
MDSC and their suppressive potency. However, it will not reduce the level of circulating
MDSC due to the homeostatic compensation by increased generation of MDSC from bone
marrow progenitor cells. If MDSC predominantly mediate their suppressive effects on T
cells within the tumor, then Nrf2 down-regulation may reduce MDSC-mediated suppression.
However, MDSC may also mediate their effects on T cells in the periphery by suppressing
circulating tumor-reactive T cells. In addition, MDSC are known to prevent the entry of
naive T cells into lymph nodes where they could become activated (32, 45). Therefore,
down-regulation of Nrf2 in MDSC may only marginally reduce immune suppression and
improve anti-tumor immunity because levels of circulating MDSC will remain constant due
to increased generation of MDSC from bone marrow progenitor cells.
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It is unlikely that the homeostatic balance of MDSC in tumor-bearing individuals is achieved
by Nrf2 directly regulating genes that drive MDSC generation. Antibody-mediated depletion
of MDSC results in the rebound of MDSC to levels that are higher than pre-depletion levels
(66), demonstrating that some type of feed-back mechanism regulates MDSC homeostasis.
Since Nrf2, like antibody-mediated depletion, alters extramedullary levels of MDSC, Nrf2
most likely also regulates MDSC homeostasis via a feedback loop rather than by a direct
effect on genes within bone marrow progenitor cells.

Given that homeostasis maintains a constant level of circulating MDSC in individuals with
tumor, monotherapies aimed at reducing MDSC levels by targeting circulating MDSC are
unlikely to be effective. In contrast, strategies that target the induction of MDSC from
progenitor cells have the potential to interrupt homeostatic regulation and thereby reduce
MDSC levels. Many inducers of MDSC have been identified. These are predominantly pro-
inflammatory molecules (67, 68). Since these molecules are redundant and compensate for
each other in their ability to drive MDSC generation, it will be necessary to develop
inhibitors that cover the full range of inducers.

Whether the depletion of MDSC by their differentiation into macrophages or other myeloid
cells also results in the replacement of immune suppressive MDSC by homeostasis is
unknown. However, if this process does not increase the differentiation of MDSC from bone
marrow progenitors, then promoting MDSC differentiation may be therapeutic. Indeed,
drugs such as CpG motifs (69), all-frans retinoic acid (70), tetrabromocinnamic acid (71),
and Vitamin D3 (72) that drive the differentiation of MDSC to more mature cells have
shown therapeutic effects. Interestingly, all-zrans retinoic acid is a known Nrf2 inhibitor
(73), suggesting that there is interplay between MDSC differentiation and Nrf2 activity.

Since Nrf2 impacts other cells in the TME in addition to MDSC, global inhibition of Nrf2
may impact overall tumor progression. For example, inhibition of Nrf2 in dendritic cells
enhances MHC Il and CD86 expression (74), which could result in improved antigen-
presentation and therefore better activation of tumor-reactive T cells. Additionally, Nrf2
activation in tumor cells increases tumor cell proliferation and resistance to chemotherapy
and radiotherapy, thereby promoting tumor progression (reviewed in (75)). Since MDSC
accumulation is positively correlated with tumor burden, treatment strategies that combine
Nrf2 inhibitors with conventional chemotherapy and radiotherapy could decrease tumor
burden and thereby indirectly reduce MDSC levels and increase anti-tumor immunity.
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Figure 1. Nrf2 decreases survival time of tumor-bearing mice
Nrf2*/* and Nrf2~~ mice on the BALB/c or C57BL/6 backgrounds were injected with 4T1

mammary carcinoma or MC38 colon carcinoma, respectively. Mice were followed weekly
for primary tumor growth (A) and survival time (B). Tumor diameter was calculated as the
average measurement of tumor length and width. Data were pooled from two independent
experiments. Tumor growth and survival time were tested for statistical significance by
Mann-Whitney and log-rank test, respectively.

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Beury et al.

Page 18

CD11b

100100 102 100 10 100 10 102 10° 10¢

25000

20000

S 15000
g

© 10000

5000

0

DO11.10 (CD4 T cells)

L]
hd @ Nif2' MDSC
- O Nif2" MDSC
W No MDSC
a T T T T T 1

Splenocytes + + + + + +
Peptide + + + +
MDSC : Splenocyte 0:1 0:1 21 11 051 0251
Ratio

B 351 @ Nrf2+ MDsC
30 1 O Nrf2*- MDSC

25
20
15
10
5
0

H,0, (M)

Time (Minutes)

c 300 @ Nrf2"* MDSC O Nrf2"- MDSC

DO11.10 (CD4 T cells)

% reversal of suppression

\a o R
%OQ\ @\g \'Dez. &0 & &V\ @%0 @fa
R OO S
9 N F P < ) W
s IR OO
& e Sy
D 100 4 * e °
M
e 5] ® Nif2
[ . O Nrf2
o
b: 60 1 % *x
o
e 4{®® o o
= ®Q o
5 o —
20 ° o o°
N o .&

Gr1* . + . + +
CD11b* F4/80* CD11c* CD4*  CD8' B220

Figure 2. Nrf2 enhances M DSC suppressive activity and the quantity of tumor-infiltrating
MDSC

(A) Nrf2 enhances MDSC-mediated CD4" T cell suppression. MDSC from the peripheral
blood of 4T1-bearing BALB/c Nrf2*/* and Nrf2~~ mice were assayed for their ability to
suppress the antigen-activation of transgenic CD4* (DO11.10) T cells. (B) Nrf2 enhances
MDSC production of H,0,. MDSC from BALB/c Nrf2*/* and Nrf2~/~ mice with 4T1
tumors were incubated with Amplex Red reagent, stimulated with PMA, and assayed for
H,0, production over time. (C) Nrf2*/* and Nrf2~/~ MDSC suppress CD4* T cell activation
by producing arginase and H,O,. MDSC from the peripheral blood of 4T1-bearing BALB/c
Nrf2*/* and Nrf2~/~ mice were assayed for their ability to suppress the antigen-activation of
transgenic CD4* (DO11.10) T cells in the presence of nor-NOHA, L-NMMA, catalase, and
sodium pyruvate. (D) Nrf2 enhances the quantity of tumor-infiltrating MDSC. Each circle
represents an individual mouse. Figures A, B, and D were analyzed by Students #test,
Mann-Whitney test, and Wilcoxon-rank sign test, respectively. Figures A, B, and C represent
one of two experiments, each with one Nrf2*/* and one Nrf2~/~ mouse per experiment. Data
from figure D were pooled from 5 independent experiments; **p<.01, *p<.05.
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Figure 3. Nrf2 decreasesintracellular MDSC oxidative stress
(A) Circulating MDSC from tumor-bearing Nrf2-sufficient mice contain less intracellular

ROS than MDSC from tumor-bearing Nrf2-deficient mice. Circulating MDSC were
harvested from 4T1-bearing BALB/c Nrf2*/* and Nrf2~/~ mice, stained with DCFDA, and
for Grl and CD11b. Gr1*CD11b™ cells were gated and analyzed by flow cytometry for
DCFDA fluorescence. Left histogram: MDSC from representative individual Nrf2*/* and
Nrf2~/~ mice; right graph: average MCF of DCFDA staining for MDSC from six Nrf2*/*
and five Nrf2~~ mice. (B) Nrf2 decreases intracellular ROS in MDSC differentiated in vitro
from bone marrow progenitor cells. Bone marrow cells from tumor-free BALB/c Nrf2*/* or
Nrf2~/~ mice were cultured under conditions favoring MDSC differentiation, and the
resulting cells were stained with 7AAD and DCFDA, and for Grl and CD11bh. 7TAAD™
Gr1*CD11b™* cells were gated and analyzed by flow cytometry for DCFDA fluorescence.
Left histogram: MDSC from representative individual Nrf2*/* and Nrf2~/~ mice; right
graph: average MCF of DCFDA staining of MDSC from three Nrf2*/* and three Nrf2~/~
mice. Data were tested for statistical significance by Student’s ftest.

J Immunol. Author manuscript; available in PMC 2017 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Beury et al.

Page 20
A A256 50 -
R s O
192 é 40 1 p < 0.05
Pl 128 e Q0 301
5 B 20 - I
[oX
64 8_ 10 -
< i
0 x O
10° 10" 102 103 &4 Nrf2++ Nrf2+
Annexin V
50 - p <0.05
3 40 - !
0 T
O 30 1 l
S 20 4
53
a 10 4
<
X 0
100 10! 102 103 &)4 Nrf2+* Nrf2--

Annexin V

Figure 4. Nrf2 protects MDSC from apoptosis
(A) Nrf2 decreases apoptosis in circulating MDSC of tumor-bearing mice. Circulating

MDSC were harvested from 4T1-bearing BALB/c Nrf2*/* and Nrf2~~ mice, and stained for
Grl, CD11b, and with Annexin V and propidium iodide (P1) or 7AAD, and analyzed by
flow cytometry. Live Gri*CD11b* MDSC (PI1~ or 7AAD™) were gated and assessed for
Annexin V. Left panel: MDSC from representative individual mouse; right graph: average %
annexin V*Gr1*CD11b* MDSC from six Nrf2*/* and five Nrf2~/~ mice. (B) Nrf2 decreases
apoptosis in MDSC differentiated in vitro from bone marrow progenitor cells. MDSC
derived from bone marrow cell cultures were harvested, stained, and analyzed as in panel A.
Averaged data are from one of three independent experiments with one Nrf2*/* and one
Nrf2~/~ mouse per experiment. Data were tested for statistical significance using Student’s ¢
test.
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A
Pre-culture Post-culture
# of cells % MDSC  # of MDSC # of cells % MDSC # of MDSC
Nrf2** (C57BL/6) 420,000 57.50 241,500 3,860,000 92.79 3,581,694
Nrf2/- (C57BL/6) 420,000 61.00 256,200 4,840,000 95.53 4,623,652
Nrf2** (BALB/c) 420,000 36.17 151,914 1,150,000 56.63 651,245
Nrf2 (BALB/c) 420,000 4217 177,114 1,920,000 50.93 977,856
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Figure 5. Nrf2 deficiency enhances MDSC proliferation
MDSC were differentiated in vitro from the bone marrow of tumor-free Nrf2*/+ and Nrf2~/~

BALB/c and C57BL/6 mice. The resulting cells were harvested, counted, and stained for
Ly6G, Ly6C, and CD11b, and analyzed by flow cytometry. PMN-MDSC and M-MDSC
were identified as LyG*Ly6C/1oWCD11b* and Ly6G/1°WLy6C*CD11b* cells, respectively.
(A) Top: Quantity of total cells, percent of cells that are MDSC, and absolute number of
MDSC pre-culture and after in vitro differentiation (post-culture). Data are representative of
one of three independent experiments with one Nrf2*/* and one Nrf2~/~ mouse per
experiment. Bottom: Ratio of Nrf2~/~ to Nrf2*/* MDSC from the three independent
experiments. A value >1 indicates that there is more proliferation in the absence of Nrf2. (B)
Nrf2 deficiency preferentially enhances differentiation of PMN-MDSC from bone marrow
progenitor cells. MDSC of panel A were gated and analyzed for PMN-MDSC and M-
MDSC. Top: Representative staining of M-MDSC and PMN-MDSC from individual Nrf2*/*
and Nrf2~/~ mice. Bottom: Average ratio of PMN-MDSC to M-MDSC from the three
independent experiments.
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