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Polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) are important regulators of immune re-
sponses in cancer and have been directly implicated in the promotion of tumor progression. However, the heter-
ogeneity of these cells and the lack of distinct markers hamper the progress in understanding the biology and
clinical importance of these cells. Using partial enrichment of PMN-MDSC with gradient centrifugation, we
determined that low-density PMN-MDSCandhigh-density neutrophils from the same cancer patients had adistinct
gene profile. Themost prominent changes were observed in the expression of genes associated with endoplasmic
reticulum (ER) stress. Unexpectedly, low-density lipoprotein (LDL) was one of themost increased regulators, and its
receptor oxidized LDL receptor 1 (OLR1) was one of the most overexpressed genes in PMN-MDSC. Lectin-type oxi-
dized LDL receptor-1 (LOX-1) encoded by OLR1 was practically undetectable in neutrophils in peripheral blood of
healthy donors, whereas 5 to 15% of total neutrophils in cancer patients and 15 to 50% of neutrophils in tumor
tissues were LOX-1+. In contrast to their LOX-1− counterparts, LOX-1+ neutrophils had gene signature, potent im-
munosuppressive activity, up-regulation of ER stress, and other biochemical characteristics of PMN-MDSCs. More-
over, induction of ER stress in neutrophils fromhealthy donors up-regulated LOX-1 expression and converted these
cells to suppressive PMN-MDSCs. Thus, we identified a specific marker of human PMN-MDSC associated with ER
stress and lipid metabolism, which provides new insights into the biology and potential therapeutic targeting of
these cells.
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INTRODUCTION
The accumulation of relatively immature and pathologically activated
myeloid-derived suppressor cells (MDSCs) with potent immuno-
suppressive activity is common in tumors. MDSCs have the ability to
support tumor progression by promoting tumor cell survival, angio-
genesis, invasion of healthy tissue by tumor cells, and metastases [re-
viewed in (1)]. There is now ample evidence of the association of
accumulation of immunosuppressive MDSCs with negative clinical
outcomes in various cancers (2). MDSCs have been implicated in
resistance to anticancer therapies with kinase inhibitor (3), chemo-
therapy (4–7), and immunotherapy (8–12).

Two large populations of MDSCs are currently described: polymor-
phonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-
MDSCs) (13). PMN-MDSC is themost abundant population ofMDSC
in most types of cancer, phenotypically and morphologically similar to
neutrophils (PMNs) (14). These cells share the CD11b+CD14−CD15+/
CD66b+ phenotype. At present, these cells can be separated only in
peripheral blood (PB) and only by density gradient centrifugation.
Distinction between PMN-MDSC and PMN in tumor tissues is not
possible. Because gradient centrifugation may enrich not only for true
PMN-MDSC but also for activated PMN without suppressive activity,
the heterogeneity of PMN-MDSC population raised the questions of
whether PMN-MDSC and PMN are truly cells with distinct features.
It is not clear what defines the specific functional state of human
PMN-MDSC vis-à-vis PMN in the same patient. The mechanisms re-
sponsible for the acquisition of pathological activity by human neutro-
phils in cancer remained unclear.

Here, we attempted to address these questions by evaluating popu-
lations of PMN-MDSCandPMN from the same patients.We identified
genomic signature of PMN-MDSCs and surface markers specific for
these cells. We found that induction of endoplasmic reticulum (ER)
stress response was sufficient to convert neutrophils to PMN-MDSCs.
RESULTS
Human PMN-MDSCs have a distinct gene expression profile
from neutrophils
To compare PMN-MDSC and PMN fromPB of the same patients with
non–small cell lung cancer (NSCLC) and head and neck cancer (HNC),
we used dual-density Histopaque gradient, the standard method of iso-
lation of PMN-MDSC (15). Low-density PMN-MDSCs are copurified
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with peripheral bloodmononuclear cells (PBMCs), whereas high-density
PMNs are collected from lower gradient (16). As a control, PMNs from
healthy donors were used. Both low-density PMN-MDSCs and high-
density PMNs were purified further with CD15 magnetic beads to
achieve similar high purity of both cell populations (Fig. 1A). The im-
munosuppressive activity of PMN-MDSC, the main characteristic of
these cells, was confirmed in allogeneic mixed leukocyte reaction
(MLR) (Fig. 1B) and in autologous system with T cells activated by
CD3/CD28 antibodies (Fig. 1C). As expected, PMNs were not suppres-
sive (Fig. 1, B and C).

To study overall differences and similarities between patients’ PMNs
andPMN-MDSCs aswell as PMNs fromhealthy donors, we performed
whole-genome analysis using Illumina HumanHT-12 v4 bead arrays.
The direct pairwise comparison identified 1870 array probes signifi-
cantly differentially expressed [false discovery rate (FDR) < 5%] be-
tween PMN-MDSC and PMN in the same patients (fig. S1A), and 36
probes showed difference of at least fivefold (fig. S1B). Hierarchical
clustering of the samples using expression of the 985most differentially
expressed genes (fold > 2, P < 0.05; Fig. 1D) revealed that PMN-MDSC
samples have a unique expression profile and PMNs from cancer pa-
tients are very similar to healthy donor PMN samples, because they
grouped within the same cluster for HNC and NSCLC patients (Fig.
1E). Specifically, of the 985 genes that were different between any pair
of groups, most (74%) showed significant differences (FDR < 5%) be-
tween patients’ PMN-MDSCs and PMNs, whereas no genes were sig-
nificantly different when corrected for multiple testing (best FDR =
19%) between PMNs from healthy donors and PMNs from cancer pa-
tients, with only 12% of the genes significantly different at nominal P <
0.05, which indicates a high similarity of PMN samples between cancer
patients and healthy donors.

Using Ingenuity Pathway Analysis (IPA), we identified 14 pathways
significantly enriched in PMN-MDSCs, including eukaryotic trans-
lation initiation factor 2 (eIF2) and eIF4 pathways andmechanistic tar-
get of rapamycin signaling (table S1). The regulators of genes enriched
in PMN-MDSC included regulators of ER stress response, mitogen-
activated protein kinase pathway, colony-stimulating factor 1 (CSF1),
interleukin-6 (IL-6), interferon-g, and nuclear factor-kB (NF-kB).
These molecules were previously directly implicated in MDSC biology,
primarily PMN-MDSC [reviewed in (17)]. One of the most significant
changes was associated with low-density lipoprotein (LDL) (Fig. 1F).
Thus, PMN-MDSCs had a distinct genomic profile fromPMNs isolated
from the same cancer patients and PMNs from healthy donors. Genes
associated with ER stress and immune responses were among the most
up-regulated in PMN-MDSC.

LOX-1 is differentially expressed in PMN-MDSC and PMN
To search for potential markers of PMN-MDSCs, we evaluated differ-
entially expressedgenes,which encoded surfacemolecules, and compared
the expression of various surface molecules between PMN-MDSCs
and PMNs from the same patients and PMNs from healthy donors.
More than 20 genes that encoded surface molecules were found to be
differentially expressed in PMN-MDSC and PMN (Fig. 2A). In an at-
tempt to validate these observations, we tested surface expression of
some of the proteins using available antibodies and flow cytometry. Un-
expectedly, the differences were found in the expression of lectin-type
oxidized LDL receptor-1 (LOX-1), a 50-kDa transmembrane glyco-
protein encoded by the oxidized LDL receptor 1 (OLR1) gene (18). In
our analysis, OLR1 was one of the mostly up-regulated genes in PMN-
MDSCs (fig. S1B). LOX-1 is one of themain receptors for oxidized LDL
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016
(oxLDL) (19). It also binds other ligands including other modified
lipoproteins, advanced glycation end products, aged red blood cells, ap-
optotic cells, and activated platelets (20). LOX-1 is expressed in endo-
thelial cells, macrophages, smooth muscle cells, and some intestinal cell
lines (18). However, it was not associated with neutrophils.

We evaluated LOX-1 expression in high-density PMNs and low-
density PMN-MDSCs in cancer patients (Fig. 2B). LOX-1was practically
undetectable in PMN but expressed in about one-third of PMN-MDSC
fraction (Fig. 2C). Because LOX-1 can be expressed in platelets (21) and
platelets can adhere to activated PMN, we asked whether the increased
expression of LOX-1 in PMN-MDSC fraction was the result of
increased adherence of platelets. However, LOX-1− and LOX-1+ cells
in low-density PMN-MDSC population had the same small proportion
of cells that express platelet markers CD41a and CD42b (Fig. 2D). We
determined whether LOX-1 expression in PMN correlated with CD16
expression associated with neutrophil activation (22, 23). Almost all
PMNs in cancer patients were CD16hi, and expression of LOX-1 on
PMN was not associated with CD16 expression (fig. S2).

These results suggested that LOX-1 could be associated with PMN-
MDSC. We asked whether LOX-1 can be a marker of PMN-MDSC.
Cell density as a criterion for separation of PMN-MDSC from PMN
has serious limitations. It may be changed during handling of cells. In
addition, gradient centrifugation may enrich not only for PMN-MDSC
but also for activated PMN without suppressive activity, which con-
tributes to well-established heterogeneity of PMN-MDSC population.
Therefore, we avoided the use of gradient centrifugation and labeled
cells in PB directly with granulocyte-specific CD15 antibody and eval-
uated the expression of LOX-1 among all CD15+ cells (Fig. 2E). In pre-
liminary experiments, we found no differences in the results obtained
with CD15 or CD66b antibodies. We referred to CD15+ cells as PMNs
because Siglec-8+ eosinophils represented a very small proportion of
CD15+ cells, and no differences in the presence of eosinophils between
CD15+LOX-1+ and CD15+LOX-1− cells were seen (fig. S3). The pro-
portion of LOX-1+ cells among all PMN in healthy donors was very
low (range, 0.1 to 1.5; mean, 0.7%) (Fig. 2F and fig. S4). In patients with
NSCLC, it increased to 4.9% (P < 0.001), in patients with HNC to 6.4%
(P < 0.0001), and in patients with colon cancer (CC) to 6.5% (P =
0.0035) (Fig. 2F). In all three types of cancer, >75% of patients had pro-
portion of LOX-1+ PMN higher than the range established for healthy
donors. We also assessed the changes in LOX-1+ PMNs in tumor-free
patients with inflammatory conditions: eosinophilic esophagitis, ulcer-
ative colitis, and Crohn’s disease. Only patients with Crohn’s disease
had a small increase in the proportion of these cells (Fig. 2G). Thus,
LOX-1 expression defined distinct population of neutrophils in cancer
patients and was associated with accumulation of PMN-MDSC.

LOX-1 defines the population of PMN-MDSC
among neutrophils
We addressed the question whether LOX-1 can be considered as a
marker of human PMN-MDSC. LOX-1+ and LOX-1− PMNs were
sorted directly fromPB of the same patients. LOX-1−PMNhad the typ-
ical morphology of mature neutrophils, whereas LOX-1+ PMN
displayed more immature morphology with band-shaped nuclei (Fig.
3A). Whole-gene expression array was performed on LOX-1+ and
LOX-1− PMNs and compared with that of PMNs and PMN-MDSCs.
Analysis of gene expression revealed 639 genes significantly different
between LOX-1+ and LOX-1− (FDR < 5%, fold > 2), and on the basis
of the expression of those genes, LOX-1+ PMNs clustered together with
PMN-MDSCs, whereas LOX-1− PMNs were very similar to patients’
2 of 15
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Fig. 1. PMN-MDSCs have distinct genomic signature. (A) Typical phenotypeof PMN-MDSCandPMN isolated fromPB
of cancer patients using gradient centrifugation and CD15beads. FSC-A, forward scatter; SSC-A, side scatter. (B) Suppression
assay of PMN and PMN-MDSC isolated from the same patient with HNC. Allogeneic MLR was performed as described in
Materials andMethods. Cell proliferationwas evaluated in triplicate using [3H]thymidine uptake.Means and SD are shown. P
valueswere calculatedby t test fromcontrol–T cell proliferationwithout the presence of PMNor PMN-MDSC and shownon
thegraph;n=3different patients. CPM, counts perminute. (C) Suppression assay of PMNandPMN-MDSC isolated from the
samepatientwithNSCLC.Tcellproliferation in responsetoCD3/CD28wasperformedasdescribed inMaterials andMethods.
Cell proliferationwas evaluated in triplicate using [3H]thymidine uptake. Means and SD are shown. P values were calculated
by t test fromcontrol–Tcellproliferationwithout thepresenceofPMNorPMN-MDSCandshownonthegraph;n=3different
patients. (D) Relative expression heat map and gene/sample clustering based on the expression of 985 genes significantly
differentially expressed (P<0.05, fold> 2) between cancer patients’PMN,PMN-MDSCs, andPMNofhealthydonors (HD). FC,
fold change. (E) Hierarchical clustering of PMN-MDSCs from HNC and NSCLC cancer patients indicates gene expression
signature specific to PMN-MDSCs, and similarities of PMN from cancer patients and PMN fromhealthy donors (hd).
(F) Upstream regulators identified by IPA among genes significantly differentially expressed between PMN-MDSC
and PMN cells. n, number of genes from the category; Z, z score of predicted activation state calculated by IPA.
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 Au
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Fig. 2. LOX-1 as a marker of PMN-MDSC. (A) List and a heat map of relative expression of candidate surface markers specific to the PMN-MDSCs. (B) Typical phenotype of high-
density PMNand low-density PMN-MDSC in a cancer patient. (C) Proportion of LOX-1+ PMNandPMN-MDSC in PB of 15 cancer patients. (Top) Example of staining of PMN-MDSC and
PMNwith LOX-1 antibody. Cells were isolated using density gradient as described in Materials and Methods, and the proportion of LOX-1+ cells was calculated among CD15+ cells.
(Bottom) Individual results for each patient aremeans and SE. P values (t test) are shown. (D) Example of staining with CD41a and CD42b antibody (top). Cumulative results of seven
patients with NSCLC (bottom). Means and SD are shown. (E) Typical example of the analysis of PMN in a cancer patient. (F) Proportion of LOX-1+ cells among PMN in unseparated PB
from16 healthy donors, 20 patients with NSCLC, 21 patients with HNC, and 19 patients with CC. P values calculated by t test are shown. (G) Proportion of LOX-1+ cells among PMN in
unseparated PB from 16 healthy donors, 6 patients with eosinophilic esophagitis (EE), 3 patients with ulcerative colitis (UC), and 7 patients with Crohn’s disease (CD). P values
calculated by t test are shown.
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016 4 of 15
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and healthy donors’ PMNs (Fig. 3B). Overall, 92% of those genes had
the same direction of change between LOX-1+ and LOX-1− as between
PMN-MDSCs and PMNs, with 93 probes significantly up-regulated
(FDR < 5%) at least twofold or more in both PMN-MDSCs and LOX-1+

PMNs (Fig. 3C and fig. S5). Thus, LOX-1+ PMNs from cancer patients
had gene expression profile similar to PMN-MDSCs.

The hallmark of PMN-MDSCs is their ability to suppress T cell func-
tion.We isolated LOX-1− and LOX-1+ PMNs directly from PB of cancer
patients and used them in T cell suppression assay. LOX-1+ PMNs sup-
pressedT cell proliferation,whereas LOX-1−PMNsdidnot (Fig. 3D).We
asked whether the LOX-1 antibody used for isolation of PMN-MDSCs
could directly affect the functional activity of PMN.PMNs isolated from
cancer patients were cultured with T cells in the presence of LOX-1 an-
tibody or immunoglobulin G (IgG) isotype control. LOX-1 antibody
did not make PMNs to acquire immunosuppressive function (fig. S6).
We determined whether LOX-1 neutralizing antibody (R&D Systems)
could block the suppressive activity of LOX-1+ PMNs. LOX-1+ and
LOX-1− PMNs were isolated from two patients with NSCLC and added
toMLR in the presence of LOX-1 antibody at a concentration (10 mg/ml)
that blocks more than 90% of LOX-1 binding or the same amount of
mouse IgG. In both experiments, LOX-1 antibody did not abrogate the
suppressive activity of LOX-1+PMNs. LOX-1−PMNshadno suppressive
activity in any experiment (Fig. 3E).

We then evaluated possible mechanisms responsible for LOX-1+

PMN-MDSC suppression.We tested several commonmechanisms im-
plicated in PMN-MDSC function. LOX-1+ PMN-MDSCs had signifi-
cantly higher production of reactive oxygen species (ROS) than LOX-1−

PMN (Fig. 3F).Whole-genome array showed that LOX-1+ PMN-MDSCs
had higher expression of arginase 1 (ARG1), the gene directly associated
with PMN-MDSC function, than LOX-1−PMNs. These differences were
not statistically significant (FDR, 7%). However, direct evaluation of
ARG1 expression by quantitative polymerase chain reaction (qPCR) re-
vealed significantly higher expression of this gene in LOX-1+ PMN-
MDSCs than in LOX-1− PMNs (Fig. 3G). The expression of NOS2 in
PMNs was much lower than that of ARG1. However, it was still signifi-
cantly higher in LOX-1+ PMN-MDSCs than in LOX-1−PMNs (Fig. 3G).
We tested the contribution of ROS and ARG1 to immunosuppression
mediated by LOX-1+ PMN-MDSC. ROS scavenger N-acetylcysteine
(NAC) and catalase significantly decreased the suppressive activity of
LOX-1+PMNs (Fig. 4A).An inhibitor ofArg1,Nw-hydroxy-nor-arginine
(nor-NOHA), abrogated the suppressive activity of these cells (Fig. 4B).
Together, these data thus demonstrate that LOX-1+ PMNs represent a
population of PMN- MDSCs. Therefore, for clarity in this study, we
further refer to these cells as LOX-1+ PMN-MDSCs.

We investigated the possible role of LOX-1 as a marker of mouse
PMN-MDSCs. Similar to human PMNs, CD11b+Ly6CloLy6G+ mouse
PMNs had very low expression of LOX-1. In contrast to human
PMN-MDSCs, spleen, bonemarrow (BM), or tumor PMN-MDSCs from
mice bearing EL-4 lymphoma or Lewis lung carcinoma (LLC) did not up-
regulate LOX-1 expression (fig. S7). To evaluate the possible role of LOX-
1 in PMN-MDSC function, we used BM cells from LOX-1 knockout
(KO) (olr1−/−) mice (24). Lethally irradiated wild-type (WT) recipients
were reconstituted with congenic BM cells isolated fromWT or olr1−/−

mice. Ten weeks after reconstitution, donor’s cells represented more
than 95% of all myeloid cells. LLC tumor was implanted subcutaneously,
andmice were evaluated 3 weeks later. No differences in the presence
of PMN-MDSCs in spleens or tumors were observed between mice re-
constituted with WT and LOX-1 KO BM (fig. S8A). WT and olr1−/−

PMN-MDSCs suppressed T cell proliferation equally well (fig. S8B).
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016
Gene expression profile demonstrated no differences between WT
and olr1−/−PMN-MDSCs.WTPMN-MDSCshad the sameundetectable
level of olr1 expression as olr1−/− PMN-MDSCs. Thus, in contrast to
humans, mouse LOX-1 is not associated with PMN-MDSC.

ER stress regulates LOX-1 expression in PMN-MDSC
What could induce LOX-1 up-regulation in PMN-MDSC?On the basis of
the fact that in endothelial cells LOX-1 canbe induced byproinflammatory
cytokines (25), we tested the effect of several cytokines and tumor cell–
conditioned medium (TCM) on LOX-1 expression in PMN isolated
from healthy donors. None of the tested proinflammatory cytokines
[IL-1b, TNF-a (tumor necrosis factor–a), and IL-6] or TCM-induced
up-regulation of LOX-1 in PMN after 24-hour culture [granulocyte-
macrophage (GM)–CSF] was added to protect PMN viability (Fig. 4C).

Our previous observations (16) and data obtained in this study dem-
onstrated that PMN-MDSC in cancer patients displayed signs of ER
stress response. LOX-1+ and LOX-1− PMNs were isolated from PB of
cancer patients, and the expression of genes associated with ER stress
was evaluated. LOX-1+ PMN-MDSCs had significantly higher expres-
sion of spliced X-box–binding protein 1 (sXBP1) and its target gene
SEC61a than LOX-1− PMNs. The expression of activating transcription
factor 4 (ATF4) and its target gene ATF3 was also higher in LOX-1+

PMN-MDSCs. No changes in the expression of CCAAT/enhancer
binding protein (CHOP) were observed (Fig. 4D). To test the effect of
ER stress on the expression of LOX-1, we treated PMNs from healthy
donors with ER stress inducers, thapsigargin (THG) or dithiothreitol
(DTT), overnight in the presence of GM-CSF. At selected doses (1 mM
THG or 1 mM DTT), cell viability remained above 95%. Both THG and
DTTcausedmarkedup-regulation of LOX-1 expression inPMN(Fig. 4E).

Overnight THG treatment of PMNs caused acquisition of potent im-
munosuppressive activity by the PMNs (Fig. 5A). Because LOX-1+

PMN-MDSCs have increased expression preferentially of one of the
ER stress sensors, sXBP1, we verified the role of ER stress using recently
developed selective inhibitor of sXBP1, B-I09 (26). In the presence of B-
I09, THG failed to induce up-regulation of LOX-1 (Fig. 5B) and immu-
nosuppressive activity of PMN (Fig. 5C). THG treatment did not affect
typical polymorphonuclear morphology of these cells (Fig. 5D). Thus,
induction of ER stress in control neutrophils converted these cells to
immunosuppressive PMN-MDSCs, which were associated with up-
regulation of LOX-1 expression.

Up-regulation of intracellular Ca2+ and ROS is one of the conse-
quences of THG treatment.We askedwhether activation of neutrophils
with agents that cause up-regulation of intracellular Ca2+ and ROSmay
also result to similar up-regulation of LOX-1 and suppressive activity as
THG. We used two compounds: N-formyl-Met-Leu-Phe (fMLP) and
phorbol 12-myristate 13-acetate (PMA). Both fMLP and PMA caused
massive up-regulation of LOX-1 expression in control PMN within
60min after the start of the treatment (Fig. 5E). However, in contrast to
THG, the expression of LOX-1 in fMLP-treated PMN returned to con-
trol (untreated cells) level after overnight culture despite the presence of
fMLP in the culture (Fig. 5E). PMNs did not survive overnight treatment
with PMA. PMNs treated for 60 min with fMLP or PMA were washed
and used in a T cell suppression assay. No suppressive activity was ob-
served (Fig. 5F). In another set of experiments, PMNs were cultured
with fMLP for 18 hours before they were used in the suppressive assay.
However, this treatment did not result in the development of suppres-
sive activity by PMNs (Fig. 5F). These data indicate that transient up-
regulation of LOX-1 as a result of PMN activation was not associated
with immunosuppressive activity.
5 of 15
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Fig. 3. LOX-1 expression defines bona fide PMN-MDSC. (A) Typical morphology of sorted LOX-1+ and Lox-1− PMN from a patient with HNC. Scale bars, 20 mm. (B) Hierarchical
clustering of samples based on the expression levels of genes differentially expressed between LOX-1+ and LOX-1− PMN. (C) List and relative expression values of the most
changed known genes overlapped between LOX-1+ and PMN-MDSC cells. (D) Suppressive activity of LOX-1+ and LOX-1− PMN isolated from PB of patient with HNC in allogeneic
MLR. Cell proliferationwas evaluated in triplicate using [3H]thymidine uptake. Means and SE are shown. P values calculated by t test from T cell proliferationwithout the presence
of PMN are shown. Experiments with similar results were performed with samples from nine patients with HNC and NSCLC. (E) Effect of neutralizing LOX-1 antibody on the
suppressive activity of LOX-1+ PMN. PMNswere isolated from two patients with NSCLC. LOX-1+ and LOX-1− PMNswere isolated as described inMaterials andMethods and
then added to allogeneic MLR in the presence of neutralizing mouse anti-human LOX-1 antibody (10 mg/ml) or mouse IgG. Cell proliferation was evaluated in triplicate using
[3H]thymidine uptake.Means and SE are shown. P values calculatedby t test fromT cell proliferationwithout the presence of PMNare shown. (F) ROSproduction in LOX-1+ and
LOX-1− PMN from seven patients with HNC and NSCLC. ROS production was measured by staining with 2′,7′-dichlorofluorescin diacetate (DCFDA). MFI, mean fluorescence
intensity. (G) Expression of ARG1 and NOS2 in LOX-1+ and LOX-1− PMN from six patients with HNC and MM measured by qPCR. P values calculated by t test are shown.
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016 6 of 15
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Fig. 4. Mechanism regulating LOX-1 expression in PMN-MDSC. (A and B) Effect of 1 mM NAC (left), catalase
(1000 U/ml) (right) (A), and 20 mM nor-NOHA (B) on immunosuppressive activity of LOX-1+ PMN-MDSC. Allogeneic
MLR was used in all experiments. Cell proliferation was measured in triplicate by [3H]thymidine incorporation. PMN/T
cell (1:2) ratio was used in all experiments. Three experiments with similar results were performed. P values calculated
by t test are shown. (C) Percentage of LOX-1+ PMN and expression of LOX-1 in PMN isolated from four healthy donors
and treated with indicated cytokines. Range of concentrations based on reported data was tested, and only one for
each cytokine is shown. Conditioned medium from PCI30 tumor cells (TCM) was used at 20% (v/v) concentration.
Means and SD are shown. (D) Expression of genes involved in ER stress response in PMN from eight patients with
HNC and NSCLC. P values calculated by t test (for ATF3 in Mann-Whitney test) are shown. (E) Percentage of LOX-1+

PMN and expression of LOX-1 in PMN isolated from four healthy donors and treated with 1 mM THG and 1 mM DTT.
Means and SD are shown. P values calculated by t test are shown.
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Fig. 5. ER stress induces LOX-1 expression and suppressive activity in PMN. (A) The ER stress inducer THG converted PMN to PMN-MDSC. PMNs isolated from healthy

donors were treated overnight with 1 mM THG, extensively washed, and then used in CD3/CD28-induced T cell proliferation. T cell proliferation was measured in triplicate
by [3H]thymidine uptake. Three experiments with similar results were performed. P values calculated by t test are shown; n = 3. (B and C) The sXBP1 inhibitor B-I09
abrogated THG-inducible up-regulation of LOX-1 and T cell suppression in PMN from healthy donors. PMNs were incubated together with 20 mMB-I09 and THG overnight
followed by evaluation of LOX-1 expression (B) or suppressive activity (C). PMNs from three healthy donors were used in these experiments. P values between treated and
untreated PMNs (t test; n = 3). (D) Morphology of healthy donor’s PMN after 18 hours of incubation with GM-CSF (10 ng/ml) and THG. Giemsa stain. Scale bars, 20 mm. (E) Healthy
donor’s PMNswere cultured for 1 or 18 hours with 10 nM fMLP or 20 nM PMA in the presence of GM-CSF (10 ng/ml). The proportion of LOX-1+ cells was evaluated. P values were
calculated by t test (n = 3). Analysis of PMA effect after 18 hours was not performed because of undetectable number of viable cells. (F) PMNs treated with fMLP or PMA as
described in (E) were extensively washed after 1 or 18 hours (fMLP only) of incubation and tested in a T cell suppression assay. Each experiment was performed in triplicate. Three
donors were tested.
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016 8 of 15
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LOX-1 defines PMN-MDSC in tumor tissues
It is known that LOX-1 is shed from the surface of the cells and can be
detected in plasma (27).We evaluated the correlation between the pres-
ence of PMN-MDSCs in cancer patients and soluble LOX-1 in plasma.
In NSCLC and CC patients, the proportion of PMN-MDSC was asso-
ciated with soluble LOX-1 (Fig. 6A), suggesting that these cells may be
an important source of LOX-1 in plasma of cancer patients.

There is now sufficient evidence demonstrating that tumor MDSCs
are more suppressive than cells in PB [reviewed in (28)]. We asked
whether the population of PMN-MDSCs is more prevalent among all
PMNs in tumors than in PB. The proportion of LOX-1+ cells in CD15+

PMN isolated from tumors of patients with HNC and NSCLC was
more than threefold higher than in CD15+ PMN from PB of the same
patients (P < 0.001) (Fig. 6B). Cells in blood and tumor tissues were
subjected to the same digestion protocol. However, to exclude possible
effect of tissue digestions and isolation on LOX-1 expression, we also
evaluated patients with multiple myeloma (MM), where the tumor is
located in the BM. We have previously shown a substantial increase
of PMN-MDSC in both BM and PB of MM patients (29). Similar to
solid tumors, the proportion of LOX-1+ PMN-MDSC in BMwas three-
to fourfold higher than in PB of the same patients (P = 0.004) (Fig. 6C).
LOX-1+ PMN-MDSC isolated from BM of patients with MMhad pro-
found immunosuppressive activity, whereas LOX-1− PMN did not
suppress T cells (Fig. 6D), supporting the conclusion that LOX-1+

PMNs represent PMN-MDSCs at the tumor site.
To evaluate the presence of LOX-1+ PMN-MDSC in tumor tissues,

wehave developed amethodof immunofluorescence staining of paraffin-
embedded tissues with the combination of LOX-1 and CD15 antibody
(Fig. 6E). Control tissues from normal skin, colon, and lymph nodes
had similar low numbers of LOX-1+CD15+ PMN-MDSCs (Fig. 6F).
No statistical differences were found in the presence of these cells in
melanoma samples, which is consistent with findings that M-MDSCs
but not PMN-MDSCs are the predominant population of MDSCs in
these patients (2). The number of LOX-1+CD15+ PMN-MDSCs in colon
carcinoma increasedmore than 8-fold, in HNCmore than 10-fold, and
in NSCLC almost 8-fold (Fig. 6F). Thus, LOX-1 expression defines the
population of PMN-MDSCs in tumor tissues.

OLR1 expression and the presence of LOX-1+ PMN-MDSC are
associated with clinical parameters
UsingOncomine andTCGA (TheCancerGenomeAtlas) databases, we
evaluated the association ofOLR1 expression in tumor tissues with clin-
ical parameters in different types of cancer. Significant up-regulation of
OLR1 was observed in many types of cancer (Fig. 7A). The notable ex-
ception was lung cancer, where normal lung tissues showed markedly
higher expression of OLR1 than did other normal tissues (Fig. 7B), ap-
parently due to cells with high expression of OLR1 (possibly lung epi-
thelium). OLR1 expression positively correlated with clinical stage in
patients with bladder cancer and clear cell kidney cancer. The positive
correlation with tumor size was found in patients with prostate adeno-
carcinoma, colon adenocarcinoma, bladder cancer, and rectum adeno-
carcinoma (Fig. 7C). Higher expression of OLR1 was associated with
worse survival in patients with HNC (Fig. 7D). Although these results
are suggestive, their interpretation as reflecting the presence of PMN-
MDSC has some limitations because of the fact that OLR1 can be ex-
pressed in different cells in the tumor microenvironment. We focused
on the evaluation of LOX-1+ PMN-MDSC in tumor tissues and PB.

In patients with NSCLC, we evaluated the possible link between the
stage of the disease and the proportion of LOX-1+ PMN-MDSC in PB.
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016
Patients with both early (I/II) and late (III/IV) stages of NSCLC had a
significantly higher proportion of LOX-1+ PMN-MDSC than healthy
donors. There was no statistical significant difference between these
two groups of patients (Fig. 7E). However, whereas 85.7% of all patients
with late stages of NSCLC had an increase in LOX-1+ PMN-MDSC
population, only 50% of patients with early stages showed elevated level
of these cells (Fig. 7E). Significant association of the presence of LOX-1+

PMN-MDSC in PB of cancer patients was determined by the size of the
tumors.Only patientswith large tumors (T2-T3) had significantly high-
er proportion of LOX-1+ PMN-MDSC than healthy donors, whereas
patients with small tumors (T1) had a very low level of LOX-1+ PMN-
MDSC similar to healthy donors. Patients with large tumors had signif-
icantly more LOX-1+ PMN-MDSC than those with small tumors (Fig.
7F). Using an NSCLC adenocarcinoma tissue array, we evaluated the as-
sociation between the presence of LOX-1+ PMN-MDSC in tumor tissues
and tumor size. Similar to the data obtained in PB, no significant associ-
ation was found with stage of the disease. The number of LOX-1+ PMN-
MDSCs was higher in larger (T2 versus T1) tumors (Fig. 7G).
DISCUSSION
The goal of this study was to address the issue of heterogeneity of hu-
man PMN-MDSCs, which limits the progress of our understanding of
the biology of these cells. Currently, only partially enriched population
of PMN-MDSCs isolated on Ficoll gradient can be evaluated. This pop-
ulation contains not only suppressive PMN-MDSCs but also nonsup-
pressive activated PMNs. Separation of PMN-MDSCs and PMNs in
tumor tissues is not possible, which further complicates the analysis
of these cells. Here, we report that PMN-MDSCs have a unique gene
expression profile, which is substantially different from that of PMNs
from the same patients and from healthy donors. This directly supports
the notion that PMN-MDSCs represent a distinct functional state of
pathological activation of neutrophils in cancer (30, 31) and is consistent
with the analysis of gene expression performed in mice, which demon-
strated differences in transcriptome between granulocytes isolated from
naïve mice and PMN-MDSCs from tumor-bearing mice (32).

Up-regulation of genes associated with ER stress response was a
prominent feature of PMN-MDSC. The ER stress response is developed
to protect cells from various stress conditions, such as hypoxia, nutrient
deprivation, and low pH, and includes three major signaling cascades
initiated by three protein sensors: protein kinase RNA-like ER kinase
(PERK), inositol-requiring enzyme1 (IRE1), andATF6 (33). PERKphos-
phorylates eIF2a, which controls the initiation of mRNA translation and
inhibits the flux of synthesized proteins. eIF2a induces the expression of
ATF4 and its downstream targets, including the proapoptotic
transcription factor CHOP. IRE1 cleaves the mRNA encoding for the
transcription factor XBP1 (34). sXBP1 mRNA is then ligated by an
RNA ligase and translated toproduce sXBP1 transcription factor that reg-
ulates many target genes including SEC61a (35).

ER stress responsewas previously shown to be transmitted to dendrit-
ic cells and macrophages from tumor cells and was associated with up-
regulation of ARG1 in macrophages (36–38). Constitutive activation of
XBP1 in tumor-associated dendritic cells promoted ovarian cancer pro-
gression by blunting antitumor immunity (39). We have recently found
activation of the ER stress response in MDSC by demonstrating that
MDSCs isolated from tumor-bearingmice or cancer patients overexpress
sXBP1 and CHOP and displayed an enlarged ER, one of the hallmarks
of ER stress (16). Another study implicated CHOP in the suppressive
activity ofMDSC in tumor site (40). Consistent with these observations,
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administration of an ER stress inducer to tumor-bearingmice increased
the accumulation of MDSCs and their suppressive activity (41).

Here, we have determined that the expression of LOX-1 receptor
was associated with PMN-MDSCs. LOX-1 is a class E scavenger receptor
that is expressed in macrophages and chondrocytes, as well as in endo-
thelial and smooth muscle cells (20). The expression of this receptor on
neutrophils has not been previously described. We have found that
neutrophils from healthy donors and cancer patients have practically
undetectable expression of LOX-1. Our data suggested that LOX-1 ex-
pression not only is associated with but also defines the population of
PMN-MDSC in cancer patients. This conclusion is supported by several
lines of evidence: (i) LOX-1+ PMN had gene expression profile similar
to that of enriched PMN-MDSC isolated using gradient centrifugation,
whereas LOX-1− PMN had profile similar to neutrophils; (ii) LOX-1+,
but not LOX-1−, PMNpotently suppressed T cell responses; (iii) LOX-1+

PMN had significantly higher expression of ARG1 and production of
ROS, typical characteristics of PMN-MDSC.We also found that, in tu-
mor tissues, only LOX-1+ PMNs were immunosuppressive and could
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016
be considered as PMN-MDSCs. This opens an opportunity for a direct
identification of PMN-MDSCs in PB and tumor tissues.

These observations, although unexpected, fit the overall concept of
the critical role of ER stress response in MDSC biology. It was recently
demonstrated that, in human endothelial cells, oxLDL induced the ex-
pression of LOX-1 through activation of the ER stress sensors IRE1 and
PERK (42). In contrast, ER stress induced by tunicamycin in hepatic
L02 cells caused down-regulation of LOX-1. Knockdown of IRE1 or
XBP1 restored LOX-1 expression in these cells (43). In our experiment,
we found that induction of ER stress in neutrophils caused marked up-
regulation of LOX-1. This was associated with acquisition of immuno-
suppressive activity by these cells, indicating that induction of ER stress
response could convert neutrophils to PMN-MDSCs. MDSCs accumu-
late as the result of convergences of two only partially overlapping
groups of signals: the signals that promote myelopoiesis (primarily
via growth factors and cytokines produced by tumors) and the signals
that induce the suppressive activity in these cells (believed to be asso-
ciated with proinflammatory cytokines) (17). ER stress emerged as an
Fig. 6. LOX-1+ PMN-MDSC in tumor tissues. (A) Correlation of soluble LOX1 in plasma of
NSCLC andHNCwith thepresenceof PMN-MDSCs in PBMC fractionof PB. (B) Presenceof LOX-1+

PMN in PB and tumor tissues of 10 patients with HNC and NSCLC. P values were calculated by t
test. (C) Presence of LOX-1+ PMNs in PB and BM of seven patients with MM. P values were
calculated by t test. (D) Suppressive activity of LOX-1+ PMN in BMof a patient withMM tested
in allogeneicMLR.Pvalues (by t test)without thepresenceofPMNare shown. Threepatientswere
tested with the same results. (E) Typical staining of tumor tissues. Scale bars, 100 mm. (F) LOX-1+

PMNs in tissues from four normal skin samples, four samples of tumor-free lymph nodes, and four
samples of normal colon, as well as tumor tissues from eight patients with melanoma, eight pa-
tients with HNC patients, eight patients with NSCLC, and nine patients with CC. Means and SD are
shown. P values calculated by t test show difference between tumor samples and samples from
control tissues.
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Fig. 7. Clinical association of OLR1 expression and LOX-1+ PMN-MDSC accumulation in cancer pa-
tients. (A) Number of independent data sets from Oncomine database that showed OLR1 up-regulated
(up) or down-regulated (down) in cancer versus normal tissues. P value and fold change for cancer/normal
comparison from TCGAdatabase. na, data not available. (B) Average expression values [FPKM (fragments per
kilobase of exon per million reads mapped) values] for cancer and normal tissues for different cancers indi-
cate high baseline expression level of OLR1 in normal lung tissues. (C) Association of OLR1 expression with
clinical stage (overall) or tumor size (T) in patients with different types of cancer. (D) Kaplan-Meier survival
curves for HNC squamous cell carcinoma patients’ survival stratified by median OLR1 expression indicate
decreased survival for patients with high OLR1 expression. P, Cox regression P value; HR, hazard ratio.
(E) Proportion of LOX-1+ PMN-MDSC in PB of 12 patients with stage I/II NSCLC, 7 patients with stage III/IV
NSCLC, and 16 healthy donors. P values were calculated by Mann-Whitney test. (F) Proportion of LOX-1+

PMN-MDSC in PB of NSCLC patients segregated on the basis of tumor size. P values were calculated byMann-Whitney test. (G) Amount of LOX-1+ CD15+ PMN-MDSC in tumor
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 20
tissues from NSCLC patients segregated on the basis of tumor size. P values were calculated by t test.
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important factor in the second group.We did not findmorphological
evidence that PMNs dedifferentiate during the culture with THG.
However, in our experiments, we targeted mature neutrophils. It is
possible that ER stress may have much broader effect on precursor or
progenitor cells.

In our study,wedidnot investigatewhether signaling throughLOX-1 is
responsible for acquisition of immunosuppressive activity by neutrophils.
However, it is likely that it contributes to this process. Engagement of
LOX-1 can lead to induction of oxidative stress, apoptosis, and activa-
tion of the NF-kB pathway (18). These pathways are important for
PMN-MDSC function. The ER stress response pathway has been
shown to regulate inflammation by activating the NF-kB pathway
(35, 44, 45). LOX-1 up-regulation has been observed during cellular
transformation into a cancer cell and can have a pro-oncogenic effect
by activating the NF-kB pathway, by increasing DNA damage through
increased ROS production, and by promoting angiogenesis and cell
dissemination (46, 47). It is possible that LOX-1 signaling may drive
pathological activation of PMN toward PMN-MDSC. Cell surface
LOX-1 expression can be elevated by multiple stimuli including ROS,
inflammatory cytokines [TNF-a and TGF-b (transforming growth
factor–b)], and oxLDL (48). These factors are produced in cancer,
and it is possible that they can affect differentiation of granulocytes from
precursors, leading to acquisition of LOX-1 expression. The question is
why only 4 to 7%of neutrophils acquire LOX-1 expression and suppres-
sive activity to become PMN-MDSCs. This is an unresolved issue at
present mainly because the nature of factors that convert neutrophils
to PMN-MDSCs remains unclear. On the basis of mouse studies, it is
possible that PMN-MDSCs may have different precursors than most
neutrophils, and those precursors are more sensitive to ER stress–
inducible factors.

Our study has obvious limitations derived from the nature of human
studies and the nature of neutrophils as short-lived differentiated cells.
This restrained our ability to provide deeper insight to the mechanism
of the observed phenomenon of LOX-1 up-regulation. More infor-
mation can be generated from the experiments studying progenitors
and precursors of neutrophils. For example, we used a neutralizing
LOX-1 antibody in an attempt to block signaling through this receptor.
This approach may not be sufficient because of the fact that PMN-
MDSCs in PB may not be amendable for such regulation. However,
LOX-1 can be involved in the regulation of PMN precursors, and the
antibody may have an effect. PMN progenitors could be manipulated
genetically, whichwould allow formore precise analysis of this pathway.

We could not find an association between LOX-1 expression and
PMN-MDSCs in two mouse models. These results are unexpected, be-
cause these models (EL-4 and LLC) are associated with inflammation
and expansion of PMN-MDSC. It is possible that such association can
be found in other tumor models. However, it is more likely that the ex-
pression of LOX-1 inmice and humans is regulated differently. Themech-
anism remains unclear.

Combination of neutrophil markers with LOX-1 potentially allows
for detection of PMN-MDSC in tissues. We observed a marked in-
crease in the number of PMN-MDSC in tumors of patients with
HNC, CC, and NSCLC. No such increase was observed in melanoma
patients. It is possible that relatively low accumulation of PMN-MDSC
in melanoma patients may contribute to this observation. Our data
demonstrated that patients have variable amount of LOX-1+ PMN-
MDSC, which, at least in patients with NSCLC, was associated with
size of the tumors. Further prospective studies are needed to deter-
mine whether the presence of these cells in tumor tissues can predict
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016
clinical outcome. The expression of LOX-1 on PMN-MDSC opens an
opportunity for selective targeting of these cells, because an antibody
targeting LOX-1 has already been tested in cardiovascular diseases in
mice (49, 50).
MATERIALS AND METHODS
Study design
The aims of this studywere to better characterize human PMN-MDSCs
and to identify specific markers that allow distinguishing these cells
from neutrophils. We performed whole-gene expression array using
triplicate of samples. LOX-1 expression was measured by flow cytom-
etry in variable number of replicates indicated in the figure legends.
Experiments were performed in a controlled and nonblinded manner.
No randomization was performed because of the observational nature
of the study. Sample size of patient cohorts was determined on the basis
of the results of initial experiments with LOX-1 expression and calcula-
tions of expected differences between mean and expected SD.

Human samples
Samples of PB and tumor tissues were collected from patients at the
Helen F. Graham Cancer Center and University of Pennsylvania. The
study was approved by the institutional review boards (IRBs) of the
Christiana Care Health System at the Helen F. Graham Cancer Center,
University of Pennsylvania, andWistar Institute. All patients signed ap-
proved consent forms. PB was collected from (i) 26 patients with differ-
ent stages of NSCLC [12 females, 18males; ages 59 to 79 years (median,
69 years); 13 patients had squamous cell carcinoma and 13 patients had
adenocarcinoma], (ii) 21 patients with HNC [8 females, 13 males; ages
32 to 82 years (median, 65 years); 19 patients had squamous cell carci-
noma and 2 patients had adenocarcinoma], (iii) 38 patients with CC
(adenocarcinoma) [20 females, 18 males; ages 28 to 88 years (median,
58 years)], and (iv) 6 patients with MM [1 female, 5 males; ages 58 to
81 years (median, 75 years)].

All patients were either previously untreated or received treatment
(chemotherapy or radiation therapy) at least 6months before collection
of blood. In some patients, tumor tissues were collected during the sur-
gery. In addition, six patients with eosinophilic colitis, three patients
with ulcerative colitis, and eight patients with Crohn’s disease were eval-
uated. Peripheral samples of blood from 18 healthy volunteers [12 females,
6males; ages 35 to 56 years (median, 42 years)] were used as control. All
samples were evaluated within 3 hours after collection.

Lung cancer tumormicroarrayswere produced from formalin-fixed,
paraffin-embedded tissue. Each block was examined by a pathologist;
three cores were obtained from tumor-containing areas, and three
blocks were from non–tumor-involved lung regions. Samples were ob-
tained from 32 patients with adenocarcinoma. Clinical data obtained
included tumor histology, tumor size, disease stage, and time to recur-
rence (all patients followed for 5 years).

Deidentified samples from normal colonic biopsy colons were ob-
tained from St.Mark’s Hospital, Harrow, UK. Samples were taken from
patients after obtaining informed consent and with the approval of
the Outer West London Research Ethics Committee (UK). Paraffin-
embedded tissue blocks of samples of normal skin, lymph nodes, and
melanoma were retrieved using an approved IRB protocol for deiden-
tified archived skin biopsies through the Department of Dermatology
National Institutes of Health Skin Diseases Research Center Tissue Ac-
quisitionCore (P30-AR057217), Perelman School ofMedicine, Univer-
sity of Pennsylvania (Philadelphia, PA).
12 of 15

http://immunology.sciencemag.org/


SC I ENCE IMMUNOLOGY | R E S EARCH ART I C L E

 by guest on N
ovem

ber 21, 2016
http://im

m
unology.sciencem

ag.org/
D

ow
nloaded from

 

Cell isolation and culture
PMN-MDSC and PMN were isolated by centrifugation over a double-
density gradientHistopaque (Sigma) (1.077 to collect PBMCs and 1.119
to collect PMN), labeled with CD15-phycoerythrin (PE) monoclonal
antibody (mAb) (BD Biosciences), and then separated using anti-PE
beads and MACS column (Miltenyi).

Tissues were first digested with the Tumor Dissociation Kit, human
(Miltenyi), and then red blood cells were lysed. Cells were then cultured
inRPMI (BioSource International) supplementedwith 10% fetal bovine
serum, 5mMglutamine, 25mMHepes, 50 mM b-mercaptoethanol, and
1% antibiotics (Invitrogen). In some experiments, recombinant GM-
CSF (PeproTech) was added to the culture medium at a concentration
of 10 ng/ml.

Isolation of Lox-1+ PMN from PB and suppression assay
Whole blood was enriched for PMNs using MACSxpress Neutrophil
Isolation Kit (Miltenyi) following the protocol provided by the manu-
facturer. Cells were then labeled with anti-Lox1–PE mAb (BioLegend)
and then separated using anti-PE beads andMACS column (Miltenyi).
For the three-way allogeneic MLR suppression assay, T lymphocytes
from one healthy donor were purified with the Human CD3+ T Cell
Enrichment Column Kit (R&D Systems) and used as responder cells.
Dendritic cells were generated from adherent monocytes from another
healthy donor in thepresenceofGM-CSF (25ng/ml) and IL-4 (25ng/ml)
(PeproTech) for 6 days and used as stimulator cells. Responder and
stimulator cells were thenmixed at a 10:1 ratio followed by the addition
of Lox1+ or Lox1− PMNs. T lymphocyte proliferation was assessed after
5 days of culture by thymidine incorporation.

Concurrently, T lymphocytes were isolated from the PBMCs of the
same patient as LOX-1+ PMNs using the Human CD3+ T Cell Enrich-
ment ColumnKit. PMNswere plated at different ratios with 105 T lym-
phocytes in a 96-well plate coated with anti-CD3 (10 mg/ml) (clone
UCHT1; BD Biosciences) followed by the addition of soluble anti-
CD28 (1 mg/ml) (clone CD28.2; BD Biosciences). T lymphocyte pro-
liferationwas assessed after 3 days of culture by thymidine incorporation.
In some experiments, 1 mMNAC(Sigma), 20 mMnor-NOHA(Cayman
Chemical), or human LOX-1 mAb (10 mg/ml) (R&D Systems) was
added to the culture medium to block ROS or ARG1 activity, respec-
tively. T lymphocyte proliferationwas assessed after 5 days of culture by
thymidine incorporation.

In vitro PMN Lox-1 induction
PMNs from healthy donors were isolated on a Histopaque gradient.
Cells (5 × 105/ml) were cultured for 12 hours with GM-CSF (10 ng/ml)
in the presence of DTT (0.5, 1, and 2 mM; Sigma), tunicamycin (0.5,
1, and 2 mg/ml; Sigma-Aldrich), or THG (0.5, 1, and 2 mM; Sigma). In
some instances, the XBP1 inhibitor B-I09 (20 mM) was added 3 hours
before culture. Cells were then stained for flow cytometry or used
for functional assays as described above. For fMLP and PMA stimu-
lation, PMNs were isolated from healthy donors and cultured for 1 or
18 hours with either 10 nM fMLP (Sigma-Aldrich) or 20 nM PMA
(Sigma-Aldrich). Cells were then washed, and LOX1 expression was
measured by flow cytometry or used for functional assays as described
above. For overnight cultures, GM-CSF (10 ng/ml) was added to
the culture.

Flow cytometry
Flow cytometry data were acquired using a BD LSR II flow cytometer
and analyzed using FlowJo software (Tree Star).
Condamine et al., Sci. Immunol. 1, aaf8943 (2016) 5 August 2016
Immunofluorescence microscopy
After deparaffinization and rehydration, heat-induced antigen retrieval
was performed using tris-EDTA buffer (pH 9). Tissues were stained
with Lox1 antibody (Abcam, catalog no. ab126538) andCD15 antibody
(BD Biosciences, catalog no. 555400) at 1:200 dilution in 5% BSA each
for 1 hour at room temperature, followed by blocking with 5% bovine
serum albumin (BSA). The following secondary antibodies were used:
Alexa Fluor anti-rabbit A647 (1:200 dilution in 5% BSA, Life Technol-
ogies) for Lox1 and anti-mouse A514 (1:400 dilution in 5% BSA, Life
Technologies) for CD15 staining. CD15 staining was pseudocolored
red, and Lox1 staining was pseudocolored green. The nucleus was
stained with 4′,6-diamidino-2-phenylindole (1:5000 dilution in
phosphate-buffered saline, Life Technologies). Images were obtained
using Leica TCS SP5 confocal microscope. Cell counts from 16 frames
were used to calculate counts per square millimeter.

Microarray analysis
For sample preparation and hybridization, total RNA from purified
cells was isolated with TRIzol reagent according to the manufacturer’s
recommendations. RNA quality was assessed with the Bioanalyzer
(Agilent). Only samples with RNA integrity numbers >8 were used.
Equal amount (400 ng) of total RNA was amplified as recommended
by Illumina and was hybridized to the Illumina HumanHT-12 v4 hu-
man whole-genome bead arrays.

For data preprocessing, the Illumina GenomeStudio software was
used to export expression values and calculated detection P values for
each probe of each sample. Signal intensity data were log2-transformed
andquantile-normalized.Only probeswith a significant detectionP val-
ue (P < 0.05) in at least one of the samples were considered. The data
were submitted to Gene Expression Omnibus (GEO) and are accessible
using accession number GSE79404.

Differential expression for probes was tested using “significance
analysis of microarrays”method (51). Multiple groups were compared
using “multiclass” option, and matched patient sample groups were
compared using “two-sample paired” option. FDR was estimated using
the procedure of Storey and Tibshirani (52). Genes with an FDR of <5%
were considered significant unless stated otherwise. Hierarchical
cluster was performed using standardized Euclidean distance with
average linkage. Genes that had Gene Ontology (GO) annotation
GO:0005886 (plasmamembrane) and either GO:0004872 (receptor ac-
tivity) or GO:0009897 (external side of plasma membrane) were
considered as candidates for surface molecular markers. For expression
heatmaps, samples from the same patient were additionally normalized
to the average between them, and samples from healthy donors were
normalized to average between all patient samples. Enrichment analy-
ses were done using IPA (Qiagen, Redwood City; www.qiagen.com/
ingenuity). Pathway results with FDR<5%andP<10−5were considered
significant. Only regulators that passed P < 10−8 threshold with signif-
icantly predicted (Z > 2) activation state in PMN-MDSCs were re-
ported. For OLR1 gene expression associated with cancer, Oncomine
(https://www.oncomine.org) was used with “cancer versus normal”
gene report without any additional filters. Additionally, TCGA RNA-
seqV2 level 3 data (https://tcga-data.nci.nih.gov) were used, and RPKM
(reads per kilobase of transcript per million mapped reads) expression
values were compared between cancer and normal tissues (where avail-
able) using t test. Association with survival was done using univariate
Cox regression, and Kaplan-Meier curves were plotted for patients split
into two groups using median expression. Results with P < 0.05 were
considered significant.
13 of 15

http://www.qiagen.com/ingenuity
http://www.qiagen.com/ingenuity
https://www.oncomine.org
https://tcga-data.nci.nih.gov
http://immunology.sciencemag.org/


SC I ENCE IMMUNOLOGY | R E S EARCH ART I C L E

http://im
m

unology.sciencem
ag.

D
ow

nloaded from
 

Quantitative reverse transcription polymerase
chain reaction
Total RNA was prepared with E.Z.N.A. Total RNA isolation Kit I
(Omega Bio-tek), and complementary DNA (cDNA) was synthesized
with High-Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems). Quantitative reverse transcription PCR was performed with
Power SYBRGreenPCRMasterMix (Applied Biosystems). The relative
amount of mRNA was estimated by the comparative threshold cycle
method, with gapdh as the reference gene. For the analysis of gene ex-
pression, the following primers were used: sXBP1, 5′-CTGAGTCCG-
CAGCAGGTG-3′ and 5′-AGTTGTCCAGAATGCCCAACA-3′;
DDIT3 (CHOP), 5′-GCACCTCCCAGAGCCCTCACTCTCC-3′ and
5 ′-GTCTACTCCAAGCCTTCCCCCTGCG-3 ′ ; ATF4 , 5 ′-
TTCCTGAGCAGCGAGGTGTTG-3′ and 5′-TCCAATCTGTCCCG-
GAGAAGG-3′; ATF3, 5′-TGCCTCGGAAGTGAGTGCTT-3′ and 5′-
GCAAAATCCTCAAACACCAGTG-3′; SEC61a, 5′-GGATG-
TATGGGGACCCTTCT-3′ and 5′-CTCGGCCAGTGTTGACAG-
TA-3′; ARGI, 5′-CTTGTTTCGGACTTGCTCGG-3′ and 5′-
CACTCTATGTATGGGGGCTTA-3′; NOS2, 5′-CAGCGGGAT-
GACTTTCCAA-3′ and 5′-AGGCAAGATTTGGACCTGCA-3′;
GAPDH, 5′-GGAGTCAACGGATTTGGTCGTA-3′ and 5′-GGCAA-
CAATATCCACTTTACCAGAGT-3′.

Statistics
Statistical analysis was performed using a two-tailed Student’s t test or
Mann-Whitney test after the analysis of distribution of variables. Signif-
icance was determined at P < 0.05 with normal-based 95% confidence
interval means ± 2 SDs. Analysis of gene expression was adjusted for
multiple variables, and FDR was estimated as described in (52). All cal-
culations were made using GraphPad Prism 5 software (GraphPad
Software Inc.).
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Fig. S1. Gene expression differences between PMN-MDSCs and PMNs cells from cancer patients
and healthy donors.
Fig. S2. CD16 and LOX-1 staining in PMN.
Fig. S3. Siglec-8 staining of CD15+ PMN.
Fig. S4. LOX1 staining of healthy donor neutrophils.
Fig. S5. List of genes and their relative expression targeted by 93 microarray probes shown to
be highly differentially expressed (FDR < 5%, fold > 2) for both LOX-1+/LOX-1− and PMN-
MDSC/PMN comparisons.
Fig. S6. LOX-1 antibody does not induce immunosuppressive activity of PMN.
Fig. S7. LOX-1 expression in mouse PMN-MDSC.
Fig. S8. LOX-1 expression is not associated with mouse PMN-MDSC.
Table S1. Canonical pathways identified by IPA among genes significantly differentially
expressed between PMN-MDSC and PMN cells.
Source data (Excel)
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