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Myeloid-derived suppressor cells (MDSC) play a key immunosuppressive role in various types of cancer, 
including head and neck squamous cell carcinoma (HNSCC). In this study, we characterized CD14+HLA-DR–/lo  
cells sorted from the tumors, draining lymph nodes, and peripheral blood of HNSCC patients. CD14+HLA-
DR–/lo cells were phenotyped as CD11b+, CD33+, CD34+, arginase-I+, and ROS+. In all 3 compartments, they 
suppressed autologous, antigen-independent T cell proliferation in a differential manner. The abundance 
of MDSC correlated with stage, but did not correlate with previous treatment with radiation or subsites of 
HNSCC. Interestingly, MDSC from all 3 compartments showed high phosphorylated STAT3 levels that cor-
related with arginase-I expression levels and activity. Stattic, a STAT3-specific inhibitor, and STAT3-targeted 
siRNA abrogated MDSC’s suppressive function. Inhibition of STAT3 signaling also resulted in decreased 
arginase-I activity. Analysis of the human arginase-I promoter region showed multiple STAT3-binding ele-
ments, and ChIP demonstrated that phosphorylated STAT3 binds to multiple sites in the arginase-I promoter.  
Finally, rescue of arginase-I activity after STAT3 blockade restored MDSC’s suppressive function. Taken 
together, these results demonstrate that the suppressive function of arginase-I in both infiltrating and circu-
lating MDSC is a downstream target of activated STAT3.

Introduction
The heterogeneous myeloid-derived suppressor cells (MDSC) 
play an immune-suppressive role in tumor-bearing animals as 
well as in the peripheral blood (PB) of cancer patients with vari-
ous types of malignancies (1–3). CD34+ MDSC were first isolated 
from head and neck squamous cell carcinoma (HNSCC) patients 
due to their high abundance in this tumor (4). Clinical corre-
lation studies in breast, colorectal, pancreatic, esophageal, and 
gastric cancer patients demonstrated that increased MDSC levels 
may be an important independent prognostic factor for survival 
(5, 6). For lung cancer patients, MDSC level is negatively corre-
lated with responsiveness to standard chemotherapy (7). In gen-
eral, MDSC from cancer patients express the common myeloid 
marker CD33 and CD11b, but lack mature myeloid or lymphoid 
markers such as HLA-DR (8, 9). In mice, these cells have been 
subdivided into granulocytic (CD11b+Ly6G+Ly6Clo) or mono-
cytic (CD11b+Ly6G–Ly6Chi) populations (10). Among cancer 
patients, it has been proposed that monocytic MDSC tend to be 
CD14+, while the granulocytic MDSC are CD15+, but the func-
tional significance of these phenotypic categorizations in the 
human system is still unclear (11, 12). Mandruzzato et al. stud-
ied both monocytic and granulocytic MDSC from PB of colon 
cancer and melanoma patients and found a correlation between 
the expression of IL-4R and suppressive activity in the monocytic 
population. But this study also showed that the CD14 and CD15 
populations overlapped significantly (13).

In terms of established molecular mechanisms of MDSC’s sup-
pressive function, some of the downstream mediators have been 
characterized from tumor bearing mice. Depletion of l-arginine 

(l-arg) and cysteine, increased nitric oxide (NO), and upregulation 
of ROS, peroxynitrates, and multiple cytokines appear to medi-
ate MDSC’s T cell–suppressive function (14–17). However, the 
upstream regulators of these suppressive mediators have not been 
clearly delineated, particularly from cancer patients. In this regard, 
several reports that focused on MDSC from cancer patients noted 
the importance of STAT3 signaling in these cells (18, 19). How-
ever, how STAT3 regulates downstream mediators in MDSC from 
human cancer patients is not clear.

Marigo et al. showed that C/EBPβ transcription factor in the 
myeloid compartment is critical in regulating immunosuppres-
sion (20), and Zhang et al. showed that STAT3 directly controls 
G-CSF–dependent expression of C/EBPβ in emergency granulo-
poiesis (21). C/EBPβ has been shown to regulate arginase-I (ARG1) 
in murine macrophages (22). In other murine studies, inhibition 
of STAT3 signaling in the myeloid compartment induced an anti-
tumor response (23). STAT3-dependent expansion and differen-
tiation of MDSC has been proposed to occur through the regula-
tion of NADH oxidase (24, 25). Whether STAT3 directly controls 
other key downstream mediators of MDSC function is unknown. 
STAT1 and STAT6 as well as NF-Kβ have been reported to increase 
ARG1 and iNOS activity in MDSC in several murine models  
(26–28). In murine inflammatory models, STAT3 was found to 
regulate ARG1 in mycobacteria-infected macrophages (29). How-
ever, whether these STAT signaling pathways in murine MDSC are 
also applicable in MDSC from cancer patients is still unclear (30).

Furthermore, although MDSC from the tumor and the periphery 
appear to have differential function in mice, there are no compa-
rable studies in the human system. Moreover, it is unclear whether 
STAT3 signaling is important in the tumor microenvironment in 
comparison with the periphery in the human system (31). The cur-
rent understanding of human MDSC is primarily derived from PB, 
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and MDSC in human tumor tissue has not been well characterized. 
Recently, murine MDSC from the periphery was found to differ-
entiate into tumor-associated macrophages (TAM) in the tumor 
tissue in an HIF1α-dependent manner, but such studies have not 
been explored extensively in the human system (32).

In this study, we were able to sort CD14+HLA-DR–/lo MDSC from 
HNSCC patients from the 3 different compartments (tumor, drain-
ing LNs [DLNs], and PB) to characterize their phenotype and their 

suppressive function and to evaluate the STAT3 signaling in each 
of the compartments as it relates to their suppressive function.

Results
CD14+HLA-DR–/lo cell distribution and phenotypic markers vary in the 
tumor tissue, DLNs, and PB from human HNSCC patients. We examined 
the abundance of CD14+HLA-DR–/lo cells in the PB of HNSCC 
patients undergoing surgical ablation and found that there was 

Figure 1
CD14+HLA-DR–/lo distribution and phenotypes in the blood, LNs, and tumors from HNSCC patients. (A) Relative abundance of circulating 
CD14+HLA-DR–/lo MDSC (with respect to CD11b+ cells prior to sorting in a given compartment) on HNSCC patients (SCCHN) (n = 20) versus 
patients with chronic tonsillitis (n = 9; **P < 0.01). The mean CD11b+ cells from these 2 patient populations were not statistically different. (B) 
Relative abundance of CD14+HLA-DR–/lo MDSC from PB (n = 37), DLNs (n = 10), and the primary tumor from HNSCC patients (n = 27; *P < 0.05,  
**P < 0.01). (C) Representative histograms of MDSC markers on CD14+HLA-DR–/lo cells from PB and tumor with isotype controls as shaded 
areas. The expression of CD33, CD34, CD14, and CD11b was similar between blood and tumor-infiltrating MDSC. There was a differential expres-
sion of CD15 in this population between PB and the primary tumor. (D) Circulating CD14+HLA-DR–/lo cells demonstrated skewing toward higher 
percentage of the HLA-DRint population, while the tumor and LNs had a greater percentage of the HLA-DR– phenotype (central and right panels, 
respectively). Numbers represent the percentages of cells in the indicated boxes. 
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a larger accumulation of these potentially suppressive cells in 
HNSCC patients in comparison with patients suffering from 
chronic inflammatory disease. Mean CD14+HLA-DR–/lo cells rela-
tive to total CD11b+ myeloid cells in HNSCC patients in PB was 
37.3% ± 3.3% in comparison with 6.6% ± 2.1% in patients with chron-
ic tonsillitis (Figure 1A). When we analyzed CD14+HLA-DR–/lo  
cells in the tumor, the DLNs, and the PB at the time of surgical 
resection, we also noted differential distribution among these  
3 sites. We found the highest percentage of CD14+HLA-DR–/lo cells 
(per CD11b+ cells) in the tumor (70.6% ± 2.3%), followed by the 
DLNs with 44.4% ± 2.1% and PB with 37.3% ± 1.7% (Figure 1B).

Further phenotypic analysis of these cells for surface markers 
showed that these cells were consistent with MDSC. CD14+HLA-
DR–/lo cells expressed the myeloid markers CD11b, CD33, and 
CD34 (Figure 1C) as well as ARG1 and ROS (see below). In the 
tumor tissue, these cells also expressed CD15, while the matched 
cells from the PB did not. Furthermore, we noted that CD14+HLA-
DR–/lo cells displayed differential patterns of expression of MDSC 
markers among the tumor, DLNs, and PB. The most notable was 
the differential pattern of expression of HLA-DR and CD15 (Figure 
1C). Circulating CD14+HLA-DR–/lo cells were skewed toward HLA-
DRint distribution, while the tumor and LN CD14+HLA-DR–/lo  
cells predominantly displayed the HLA-DR– phenotype (Figure 
1D). The number of patients with sufficient numbers of sorted 
CD14–HLA-DR–/lo cells was variable and was not included in the 
current clinical correlation analysis. Of the sorted CD14–HLA-
DR–/lo cells, we noted that these also suppressed autologous T cells 
(Supplemental Figure 1B; supplemental material available online 

with this article; doi:10.1172/JCI60083DS1). When we analyzed 
these cells for macrophage markers, we found that these cells did 
not express F4/80, CD68, and CD204 in the circulating or tumor-
infiltrating MDSC (Supplemental Figure 2).

When we examined the morphologic features of peripheral and 
tumor infiltration cells, both peripheral and tumor-infiltrating 
CD14+HLA-DR–/lo cells displayed predominantly mononuclear 
features (Supplemental Figure 3). As noted in Figure 1, the tumor-
infiltrating CD14+HLA-DR–/lo cells also expressed CD15. Because 
of this heterogeneity in the histological phenotype categorization 
in CD14–CD15+ MDSC even after the sorting, we initially focused 
our attention toward the more homogeneous CD14+ monocytic 
population to examine critical signaling pathways that can be 
definitively linked to MDSC’s suppressive function.

The abundance of CD14+HLA-DR–/lo cells correlates with staging, but 
not subsites or previous radiation treatment. In melanoma patients, 
there was a positive correlation between stage and peripheral 
MDSC abundance (33). Likewise, we found that there was a signif-
icant increase in the percentage of circulating CD14+HLA-DR–/lo  
cells among advanced stage (stage III and IV) HNSCC patients 
(41.43 ± 1.16%) as compared with early stage (stage I and II)  
HNSCC patients (26.89% ± 2.14%) (Figure 2A). There was no dif-
ference in the percentage of circulating CD14+HLA-DR–/lo cells 
by tumor subsites in HNSCC (Figure 2B). We were unable to ana-
lyze any substantial population of oropharyngeal HNSCC sites 
due to the low volume of surgical candidates for these patients in 
our institution. Exposure to external beam radiotherapy did not 
appear to affect the percentage of circulating CD14+HLA-DR–/lo  
cells (Figure 2C). Comparable analysis restricted to laryngeal 
subsites showed similar results (data not shown).

CD14+HLA-DR–/lo cells are MDSC that suppress autologous T cell pro-
liferation – MDSC from the tumor and the DLNs have greater suppressive 
potential than MDSC from PB. CD14+HLA-DR–/lo cells above isolated 
from HNSCC patients were found to suppress autologous T cell 
proliferation in vitro (Figure 3A). At 2:1 T cell/MDSC titer, marked 
suppression was noted in the tumor, DLNs, and PB. Even at a 4:1 
ratio, there was a tendency toward suppressive function. We ini-
tially used the CD11b+DRhi myeloid population as our negative 
control for these suppression assays, but these DRhi cells induced 
variable proliferative responses on T cells and never displayed 
suppressive functions (Supplemental Figure 4). Because of this 
problem with using nonimmunosuppressive myeloid cells, we 
presented raw 3H-thymidine uptake numbers in cpm rather than 
percentage of suppression. Notably, CD14+HLA-DR–/lo MDSC 
from the tumor and the DLNs have greater ability to suppress 
autologous T cells in comparison with matched PB MDSC (Fig-
ure 3A). This ability to suppress T cell proliferation correlated with 
the level of IFN-γ detected in these assays (Supplemental Figure 5). 
As further confirmation that these were MDSC, 2 critical down-

Figure 2
Abundance of CD14+HLA-DR–/lo MDSC-like cells correlated with 
staging but not head and neck subsites or previous radiation treat-
ment. (A) Percentages of circulating MDSC among advanced stage 
(stage III and IV) HNSCC patients versus early stage (I and II) 
HNSCC patients (**P < 0.01) with respect to CD11b+. (B) Abundance 
pattern of MDSC in different subsites of HNSCC. (C) Percentages of 
circulating MDSC in HNSCC patients with or without radiotherapy 
exposure. The mean CD11b+ cells from these 2 patient populations 
were not statistically different.
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stream mediators of suppressive function, ARG1 and ROS, were 
found to be present in these cells (Figure 3B).

Given some of these correlative data, we determined whether 
some of the common phenotypic markers would correlate with 
their suppressive activity. We sorted DRlo and DR– separately 
from all 3 sites to test whether HLA expression can further enrich 
MDSC suppressive activity in these 2 populations. The suppres-
sive activity between DRlo and DR– MDSC did not differ in their 
suppressive activity in any given compartment, while CD14+HLA-
DRint and CD14+HLA-DRlo/– MDSC subsets from the tumor con-
sistently had increased suppressive activity in comparison with 
their counterparts in the periphery (data not shown).

MDSC express pSTAT3, and this expression correlates with ARG1 
expression. Given the functional significance of STAT3 signaling 
in myeloid cells in mice, we analyzed intracellular phosphorylated 
STAT3 (pSTAT3) and ARG1 expression level in the CD14+HLA-
DR–/lo MDSC from HNSCC patients. We observed high expres-
sion of both markers in the CD14+HLA-DR–/lo MDSC from tumor, 
DLNs, and PB (Figure 3B). Interestingly, MDSC from the 3 differ-
ent sites had differential expression levels of pSTAT3 (Figure 3C). 
The tumor-infiltrating CD14+HLA-DR–/lo MDSC had statistically 
higher expression of pSTAT3 in comparison with the DLNs and 

PB. Accordingly, we also detected a similar correlation in the level 
of expression of ARG1 in the 3 different sites.

Blockade and suppression of pSTAT3 ablates the suppressive activity of 
MDSC and decreases the expression and activity of ARG1. In our cor-
relation analysis, the increased level of pSTAT3 in the tumor cor-
related with the greater suppressive activity of tumor-infiltrating 
MDSC in HNSCC patients. We therefore directly tested the sig-
nificance of STAT3 signaling in MDSC in the human HNSCC by 
inhibiting STAT3 signaling using 2 independent methods. We 
used either Stattic, a specific small molecule inhibitor of pSTAT3, 
or siRNA suppression via lentiviral vector to inhibit STAT3 sig-
naling. Both methods showed that inhibition of STAT3 signaling 
abrogated the suppressive function of CD14+HLA-DR–/lo MDSC 
from the tumor tissue as well as from the PB (Figure 4). The sup-
pressive activity of circulating and tumor-infiltrating CD14+HLA-
DR–/lo cells decreased with Stattic at 2:1 and 1:1 ratios (Figure 4, A 
and B). Equivalent suppression was also obtained with the siRNA 
STAT3 suppression (Figure 4, C and D).

Interestingly, both forms of STAT3 signaling inhibition on 
CD14+HLA-DR–/lo MDSC, either with Stattic (10 μM) or with the 
siRNA (Figure 5A), also affected the expression of ARG1 in these 
cells (Figure 5B). When we analyzed ARG1 activity in these MDSC 

Figure 3
CD14+HLA-DR–/lo MDSC from blood, LNs, and tumor suppress autologous T cell proliferation and express high levels of pSTAT3, ARG1, and 
ROS. (A) Circulating CD14+HLA-DR–/lo cells suppress autologous T cell proliferation at a 2:1 T cell/MDSC ratio. Tumor and LN MDSC showed a 
greater level of suppressive activity, particularly at 2:1 and 1:1 ratios (T cell/MDSC) (*P < 0.05). (B) CD14+HLA-DR–/lo MDSC from blood, LNs, 
and tumor express high levels of pSTAT3, ARG1, and ROS (DHE-stained cells). Original magnification, ×200. (C) MDSC from PB, LNs, and tumor 
have differential expression of pSTAT3 and ARG1, with higher pSTAT3 and ARG1 expression levels noted in the tumor in comparison with PB. 
The percentages are calculated by relative abundance with respect to total CD14+HLA-DR–/lo cells (**P < 0.01).
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treated with Stattic, we found significant decreases in their enzy-
matic activity, both in the PB and in the tumor tissue (Figure 5C). 
These data suggest that STAT3 may regulate ARG1 in MDSC.

pSTAT3 can bind to human ARG1 promoter elements. Given this 
functional correlation between pSTAT3 and ARG1 expression, 
we hypothesized that pSTAT3 can regulate ARG1 at the tran-
scriptional level. We first analyzed the promoter elements of 
human ARG1 to screen for STAT3-binding elements. Using Vista 
genomic tools, we found 13 potential pSTAT3-binding sites in 
the ARG1 promoter (34). Using ChIP assay on sorted CD14+HLA-
DR–/lo MDSC from PB, we found that pSTAT3 is bound to mul-
tiple binding elements in the ARG1 promoter regions (Figure 6 
and Supplemental Table 2).

The suppressive function of MDSC is rescued with the addition of ARG1 
in pSTAT3-blocked MDSC. Since pSTAT3 blockade in CD14+HLA-
DR–/lo MDSC decreased the expression and the activity of ARG1, 
we determined whether we could rescue the suppressive function 
of STAT3 with ARG1 repletion. Previous reports demonstrated 
that MDSC secrete ARG1, possibly via exocytosis, rather than 
indirectly deplete l-arg intracellularly (35, 36). We directly tested 
the supernatants harvested from cultured MDSC to ensure ARG1 
activity was present in the supernatant, thereby validating our res-
cue method (Supplemental Figure 6). We had previously titrated 
the ARG1 level in these human MDSC (Figure 5) and found that 
the physiological concentrations ranged from 10 to 50 nM. The 
addition of physiological concentrations of human recombinant 
ARG1 to MDSC treated with Stattic effectively rescued the sup-
pressive activity of the CD14+HLA-DR–/lo MDSC (P < 0.01) (Fig-

ure 7A). There appeared to be a trend toward dose dependence 
for ARG1, but this was not statistically significant. The addition 
of ARG1 without pSTAT3 blockade did not alter the suppressive 
activity of the MDSC.

Repletion with l-arg or treatment with nor-NOHA, the ARG1 
inhibitor, partially abrogated MDSC’s suppressive function as 
observed previously (Figure 7B). The addition of Stattic in combi-
nation with either l-arg or nor-NOHA brought the abrogation of 
suppressive function as seen with Stattic treatment alone, which 
is further consistent with the hypothesis that STAT3 is upstream 
of ARG1. In other words, the lack of additive affect with Stattic 
and nor-NOHA implies that these 2 inhibitors are affecting the 
same pathway. Finally, blockade of pSTAT3 had the greatest abro-
gation of suppressive function in comparison with l-arg repletion 
or nor-NOHA treatment (P < 0.01) (Figure 7B). These data further 
corroborate our hypothesis, but also suggested that STAT3 may 
regulate other downstream mediators of lymphocyte suppression.

Discussion
MDSC are primarily defined by their suppressive function (37), 
and we have demonstrated that CD14+HLA-DR–/lo MDSC from 
HNSCC patients can be sorted from the primary tumor, the DLNs, 
and the PB to study critical signaling pathways as it relates to 
their suppressive function. One critical pathway in the tumor and 
periphery is that mediated by STAT3 signaling in the monocytic 
MDSC population. In multiple murine models, STAT3 signaling 
in the hematopoietic myeloid cells induced a tumor-promoting 
effect in vivo. Consistent with recent reports in cancer patients 

Figure 4
Inhibition of STAT3 signaling 
ablates the suppressive activity 
of CD14+HLA-DR–/lo MDSC from 
HNSCC patients. Both pSTAT3 
small molecule inhibitor (Stattic 
at 10 μM) (A and C), and STAT3 
siRNA (B and D) were able to 
block the functional suppressive 
capability of blood (A and B) and 
tumor-infiltrating (C and D) MDSC 
(**P < 0.01). x axis shows the ratio 
of autologous T cell/MDSC in the  
T cell stimulation assay.
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noted above, we also demonstrated that STAT3 signaling in 
MDSC from HNSCC patients has a functional role in its ability 
to suppress autologous T cell proliferation in both the tumor and 
the PB. STAT3 inhibition decreased the level of ARG1 and the sup-
pressive activity in MDSC. More importantly, we also found that 
pSTAT3 can bind to the ARG1 promoter, and using biochemical 
methods, we demonstrated that ARG1, a key downstream modula-
tor of human MDSC function, is regulated by pSTAT3.

We broadly sorted CD14+HLA-DR–/lo myeloid cells from 
the tumor, DLNs, and PB of HNSCC patients. The number of 
patients with sufficient numbers of sorted CD14– cells was lim-
ited, and these cells were not included in the current analysis. Of 
those analyzed, CD11b+HLA-DR–/loCD14– cells did show sup-
pressive function (Supplemental Figure 1). In the murine models, 
MDSC subsets were initially categorized as either granulocytic or 
mononuclear on the basis of Ly6C and Ly6G expression with dif-
ferential suppressive functions (38). Comparable categorization 
of human MDSC into monocytic (CD14+) versus granulocytic 
(CD14–CD15+) has been proposed, but the specific surface mark-
ers of human MDSC subsets in cancer patients is still unclear 
(39). In our study, we initially sorted the monocytic CD14+DRlo/– 

population, but in the tumor-infiltrating MDSC, our sorted 
CD14+ cells also expressed CD15 antigen. These data are con-
sistent with data from Mandruzzato et al. (13) that showed that 
CD14 and CD15 expression overlap in MDSC from colon cancer 
and melanoma patients. In other words, these data suggest that 
CD14 and CD15 may not clearly delineate the morphologic sub-
types of MDSC in the human system. Our findings corroborate 
the phenotypic heterogeneity found in tumor-infiltrating MDSC 
sorted from melanoma patients (40).

To directly test the ability of CD15 and CD14 markers to sepa-
rate the MDSC populations into polymorphonuclear and mono-
cytic cells, we separately sorted myeloid CD14hiHLA-DRlo as well 
as CD14loCD15hiHLA-DRlo cells from both the tumor and the 
blood from HNSCC after Ficoll density gradient. The CD14hiHLA-
DRlo population was found to be CD15– and was predominantly 
monocytic, while the CD14loCD15hiHLA-DRlo population had on 
average equal distribution of monocytic and polymorphonuclear 
cells (Supplemental Figure 4). These data further underscored the 
limitation of using the CD15 antigen to delineate PMN MDSC 
subpopulations from cancer patients. We are currently focused on 
the ability to isolate a more homogenous PMN MDSC from the 
PB and the tumors of HNSCC patients from matched samples.

Recent studies of tumor-infiltrating MDSC from melanoma 
patients showed minimal suppressive function (40). How-
ever, they also reported that their tumor-infiltrating immature 
myeloid cells had higher levels of HLA-DR, suggestive of TAM or 
more differentiated myeloid cells that may be the source of their 
inability to suppress T cells. Other labs, as ours, demonstrated 
suppressive tumor-infiltrating MDSC in HNSCC specimens (32, 
41). These conflicting results, however, attest to the importance 
of examining the tumor-infiltrating MDSC population (42, 43). 
In tumor-bearing mice, CD11b+Gr-1+ MDSC from the tumor 
and the peripheral lymphoid organs have profound functional 
differences in their ability to mediate differential T cell–suppres-
sive responses. While tumor-infiltrating MDSC suppressed both 
antigen-specific and non–antigen-specific T cell function, the 
peripheral MDSC only suppressed antigen-specific T cell func-
tion. In the tumor microenvironment, murine MDSC also dif-
ferentiates into HIF1α-dependent TAM. In our human system, 
there was a differential suppressive function between the tumor-
infiltrating and PB MDSC as well (Figure 3A). In our prepara-
tion, we sorted specifically for low HLA-DR expression. Testing 
to see whether our sorted MDSC suppress tumor antigen–specific  
T cells was not feasible at this point in time, but we did examine 
the tumor-infiltrating MDSC for macrophage markers, and we 
did not see expression of human F4/80, CD68, and CD204 on 
these populations (Supplemental Figure 2). The apparent differ-
ences in these findings may stem from the fact we had enriched 
for nonmacrophage population in our sorting methods, and 
these results do not exclude the possibility of immature myeloid 

Figure 5
Inhibition of pSTAT3 decreases the expression and the activity of 
ARG1 on CD14+HLA-DR–/lo MDSC. (A) Inhibition of STAT3 signaling 
on CD14+HLA-DR–/lo MDSC by Stattic (10 μM) or siSTAT3 appropriately 
decreased the level of pSTAT3 (*P < 0.05). (B) Intracellular level of 
ARG1 is decreased with 2 independent methods of STAT3 signaling 
inhibition. y axis shows MFI (*P < 0.05). (C) ARG1 activity of circulating 
and tumor-infiltrating CD14+HLA-DR–/lo MDSC after pSTAT3 inhibition 
with Stattic (**P < 0.01).
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cells with the potential for differentiation into macrophages. 
With our greater homogeneity in our purification scheme, we 
may have isolated a TAM precursor MDSC subpopulation that 
was found to possess enhanced suppressive function in compari-
son with the peripheral MDSC. Another possibility is that the 
CD14+CD15+DR– population may be another subset of MDSC 
that is correlated with enhanced suppressive function.

With the ability to study matched MDSC from the tumor and 
the periphery, we sought to examine regulatory factors in MDSC 
that could control its suppressive function. In murine models, 
pSTAT3 had been shown to regulate the expansion of myeloid 
progenitors as well as MDSC (21, 44). However, unlike STAT1 
and STAT6, STAT3 has not been reported to directly regulate the 
MDSC’s suppressive function (1). In TAM in mice, experiments 
with STAT1 and STAT6 knockout mice initially suggested that 
ARG1 activity may be primarily dependent on STAT1 (26). More 
recent reports in murine alternatively activated macrophages 
demonstrated that STAT3 can regulate ARG1 (22, 29). Moreover, 
human MDSC’s immunosuppressive activity from cancer patients 
was found to be STAT3 dependent (18, 19).

Given this controversy over the relationship between STAT3 
and MDSC’s suppressive function, we evaluated the relationship 
between pSTAT3 and the T cell–suppressive function in human 
MDSC from HNSCC patients. We analyzed the promoter sequenc-
es of ARG1 for potential STAT3-binding elements and found that 
there were 13 potential STAT3-binding elements. CHiP assay dem-
onstrated that pSTAT3 proteins are bound to 3 of these binding 
elements (Figure 6). We also demonstrated that both siRNA sup-
pression and pSTAT3 inhibition using a STAT3-specific inhibitor 
could abrogate human MDSC’s suppressive function as well as 
decrease the level and activity of ARG1 (Figure 5). When we replen-

ished the physiological level of ARG1 in pSTAT3-blocked MDSC, 
we were able to rescue MDSC’s suppressive function (Figure 7). 
Although the mechanism of ARG1 secretion in MDSC is contro-
versial, we confirmed that these cells can secrete ARG1, as shown 
in Supplemental Figure 6, validating our rescue experiments. Anal-
ysis with nor-NOHA and l-arg replenishment partially replicated 
the effect of pSTAT3 signaling inhibition in the MDSC. Cumula-
tively, these results demonstrate that STAT3 signaling is upstream 
of the activity of ARG1 that mediates the suppressive function of 
T cell proliferation in HNSCC patients.

With the recent reports of several STAT3-dependent genes that 
have been reported to play critical roles in MDSC’s function, there 
may be multiple pathways of STAT3-dependent immunosuppres-
sion. While we demonstrated a direct regulation of ARG1, Bronte 
and others have shown that STAT3-dependent C/EBPβ transcrip-
tion factor is critical in regulating immunosuppression (20). Oth-
ers have shown that HIF1α, another STAT3-dependent gene, medi-
ates the differentiation into tumor-infiltrating macrophages (32). 
With our ability to sort sufficient numbers of matched blood and 
tumor-infiltrating MDSC from HNSCC patients, we can poten-
tially test some of these STAT3 dependent pathways in MDSC.

We are currently studying other downstream STAT3-dependent 
genes in both tumor-infiltrating and peripheral MDSC from 
HNSCC patients. Of particular interest is the differential expres-
sion of other STAT3-dependent genes between the tumor and the 
periphery. Although only STAT1-null mice failed to upregulate 
ARG1 and iNOS, promoters of both of these downstream media-
tors of MDSC function have STAT3-binding elements in the 
human system (data not shown). This is particularly relevant for 
MDSC, since there are now several anticarcinogenic STAT3-inhib-
iting molecules that are in clinical trials, so their secondary effects 
on human MDSC function require further investigation (45, 46).

The implication of STAT3’s importance in MDSC function is 
clinically significant. For HNSCC patients, EGFR inhibition has 
demonstrated clinical efficacy, but its mechanism of action is 
still unclear (47, 48). EGFR is an upstream mediator of the JAK/
STAT3 pathway, so systemic EGFR inhibition may affect pSTAT3-
dependent MDSC’s suppressive function (49). STAT3 signaling in 
MDSC may also be potentially modulated by IL-6 (20, 50), and 
IL-6 has been repeatedly found to be a critical biomarker of clini-
cal prognosis in HNSCC (51). Interestingly, an independent lab 
recently demonstrated that curcumin, an herbal immunomodula-
tory molecule that have been previously found to suppress JAK2/
STAT3 signaling, demonstrated decreased tumor growth in vivo 
that correlated with IL-6–dependent downregulation of MDSC 
(52). Therefore, the mechanistic relationship between pSTAT3 
and IL-6 in human MDSC may warrant further investigation now 
that we have demonstrated the functional significance of STAT3 
signaling in MDSC from cancer patients.

Methods
MDSC isolation and flow cytometry analysis. MDSC characterized as CD14+ 

HLA-DR–/lo were sorted from freshly obtained PB, DLNs, and/or tumor 
specimens from HNSCC patients undergoing surgical treatments at Johns 
Hopkins Hospital and Johns Hopkins Bayview Hospital. In some cases, 
CD14–CD15+HLA-DR–/lo cells were sorted. From PB, leukocytes were 
separated by a Ficoll gradient prior to sorting. From DLNs, the mechani-
cally dissociated leukocytes were sorted after separating from debris with 
a 100-μm cell strainer. For the tumor specimen, 1 cm tumor tissue was 
cut into small pieces and treated with Liberase (Roche) for 20 minutes at 

Figure 6
STAT3 binds to the promoter region of ARG1 of MDSC. ChIP assay 
demonstrated pSTAT3 binding to ARG1 promoter regions at 3 of the 6 
potential binding sites (from a total of 12 sites matching the consensus 
sequences generated by Vista genomic program). The sequence of 
the human ARG1 promoter region with the 6 potential pSTAT3-binding 
sites is shown in Supplemental Table 2.
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sion assays were performed with 3% FCS in RPMI 1640. In some 
instances, conditioned medium from cultured MDSC were 
used for this assay.

ROS staining. Superoxide production was measured by dihy-
droethidium (DHE) staining. Briefly, 5 × 105 CD14+HLA-DR–/lo  
cells were incubated at 37°C in serum-free DMEM containing  
2 μM DHE for 1 hour to measure superoxide production. Stained 
cells were washed twice with PBS and analyzed with fluorescent 
microscopy (Johns Hopkins Hospital Imaging Core Facility).

STAT3 inhibition. Stattic, a STAT3-specific small molecule 
inhibitor (Calbiochem) and siRNA against STAT3 (siSTAT3) 
were used to inhibit STAT3 signaling. Stattic was diluted to 1% 
in DMSO (53). CD14+HLA-DR–/lo cells were treated with a con-
centration of 10 μM Stattic at 37°C for 24 hours. Scrambled 
and STAT3 siRNA (15 nM) were transduced into CD14+HLA-
DR–/lo cells using lentiviral vectors (53, 54).

ARG1 enzymatic assay. ARG1 activity was measured in circu-
lating and tumor-infiltrating CD14+HLA-DR–/lo cell lysates 
with slight modifications, as previously described (55). In some 
instances, conditioned media from cultured MDSC were used 
for this assay. Briefly, cells were lysed with 100 μl of 0.1% Tri-
ton X-100. After 20 minutes, 100 μl of 25 mM Tris-HCL was 
added. Then, 10 μl of 10 mM MnCL2 were added to 100 μl 

of lysate followed by 10 minutes of heating at 56°C. The lysate was then 
incubated with 100 μl of l-arg (pH 9.7) at 37°C for 30–60 minutes. The 
reaction was stopped with 900 μl of H2SO4/H3PO4/H2O (1/3/7, v/v/v). 
The urea concentration was measured at 540 nm after adding 40 μl of 
α-isonitrosopropiophenone (in 100% ethanol) followed by heating at 95°C 
for 30 minutes. One unit of enzyme is defined as the amount of enzyme 
that catalyzed the formation of 1 μmol of urea per minute.

ARG1 supplementation and blockade. CD14+HLA-DR–/lo cells treated with 
Stattic were incubated with l-Arg (Sigma-Aldrich) at 100 μM and/or nor-
NOHA (Cayman Chemical) at 20 μM and then assayed for suppressor 
activity as described above. For ARG1 rescue assay, CD14+HLA-DR–/lo cells 
untreated or treated with Stattic were incubated with recombinant human 
ARG1 (R&D systems) at varying doses (25–100 nM) overnight and then 
assayed for suppressor activity as described.

ChIP. ChIP assays were performed using the ChIP assay kit (Upstate) 
(54). Sorted MDSC cells were crosslinked and sonicated, and DNA was 
immunoprecipitated with anti-Stat3 or isotype-matched control IgG 
(Cell Signaling) from the sonicated cell lysates and quantified using SYBR 
Green Real-time PCR analysis (Applied Biosystems). The primers used for 
ChIP assay are listed in Supplemental Table 1.

H&E staining of sorted CD14+HLA-DR–/lo MDSC cells. Sorted cells were 
placed on slides with Cytospin and fixed with 10% neutral buffered for-

37°C. Suspension cells were separated from debris with a 100-μm strain-
er and resuspended prior to sorting. Cells were sorted with MoFlo MLS 
sorter (Beckman Coulter) or FACSAria II cell sorter (BD) at Johns Hopkins 
Hospital Cell Cytometry Core Facility. Multicolor cell analysis was per-
formed using the following antibodies: αCD14, αCD4, αCD11b, αCD33, 
αCD34, αCD15, αHLA-DR (eBioscience), and αARG1 (R&D Systems). 
Cell-surface and intracellular staining were performed as indicated in the 
manufacturer’s data sheet. For pStat3 (pY705) staining, cells were fixed 
in 2% paraformaldehyde/PBS for 10 minutes at 37°C and permeabilized 
by resuspending with vigorous vortexing in 500 μl ice-cold 90% methanol 
per 106 cells and incubated at 4°C for 30 minutes on ice. After PBS wash-
ing and resuspension, cells were stained with Alexa Fluor 647–conjugated 
pSTAT3 antibody (BD Biosciences) for 1 hour at room temperature. Flow-
Jo software (TreeStar Inc.) was used for analysis. Isotype-matched antibod-
ies were used as controls. Relative abundance of MDSC was measured with 
respect to total CD11b+ cells in the sample (CD14+HLA-DR–/loCD11b+).

T cell suppression. Autologous CD4+ T cells were isolated during the sort-
ing of MDSC in parallel and activated using αCD3 and αCD28 (eBiosci-
ence) absorbed onto plates. T cell proliferation and activation were mea-
sured after 72 hours using 3H-thymidine incorporation and IFN-γ ELISA, 
respectively. MDSC or HLA-DR+ myeloid controls were cocultured with 
autologous CD4+ T cells at different (T cell/MDSC) ratios. T cell suppres-

Figure 7
Suppressive function of MDSC can be rescued by adding 
back ARG1 to STAT3-blocked MDSC. (A) Addition of vary-
ing concentrations of human recombinant ARG1 to MDSC 
treated with Stattic rescued the suppressive function of the 
CD14+HLA-DR–/lo MDSC (**P < 0.01). Addition of ARG1 
without STAT3 inhibition did not affect the suppressive func-
tion of intact MDSC. T cell/MDSC ratio was 2:1. (B) Both 
l-arg and the ARG1 inhibitor nor-NOHA were also able to 
blunt the suppressive activity of MDSC, but STAT3 inhibi-
tion has a greater ablation of MDSC’s suppressive function 
(**P < 0.01). Stattic and nor-NOHA does not have an addi-
tive effect on the ablation of MDSC suppressive function. All 
samples had MDSC, and the ratio of T cell/MDSC was 2:1.
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