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Abstract

Myeloid-derived suppressor cells (MDSCs) promote tumor growth through, in part, inhibiting T-

cell immunity. However, mechanisms underlying MDSC expansion and guidance of MDSCs 

toward the tumor microenvironment remain unclear. Employing Percoll density gradients, we 

separate bone marrow (BM) leukocytes from tumor-bearing mice into four density-increasing 

bands with myeloid leukocytes enriched in bands III and IV. Band III comprises monocytes and 

low-density granulocytes, both confirmed to be M-MDSCs and G-MDSCs, respectively, by 

displaying potent inhibition of T-cell proliferation. However, monocytes act as M-MDSCs not only 

under tumor conditions but also the healthy condition. In contrast, band IV contains non-

inhibitory, mature granulocytes. Only band III G-MDSCs display significant expansion in mice 

bearing B16 melanoma, Lewis lung carcinoma, or MC38 colon carcinoma. The expanded G-

MDSCs also show increased CXCR2 expression, which guides egress out of BM, and produce 

arginase-1 and ROS upon encountering antigen-activated T cells. Adoptive transfer assays 

demonstrate that both G-MDSCs and mature granulocytes infiltrate tumors, but only the former 

displays sustention and accumulation. Intratumoral administrations of granulocytes further 

demonstrate that G-MDSCs promote tumor growth, whereas mature granulocytes exert minimal 

effects, or execute powerful anti-tumor effects providing the presence of PMN activation 

mechanisms in the tumor microenvironment.
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Introduction

The expansion of heterogeneous myeloid-derived suppressor cells (MDSCs) is associated 

with tumor progression through promoting an immune-tolerant and tumor-supportive host 

condition [1–3]. MDSCs are comprised of two populations, G-MDSCs and M-MDSCs, 

referring to myeloid leukocytes bearing either granulocytic markers or monocytic markers, 

respectively. Both G- and M-MDSCs have the capacity to inhibit immune-active T cells and, 

indeed, MDSC infiltration of secondary lymphoid organs (e.g. spleen and lymph nodes) and 

tumor microenvironments correlates with a reduction in T-cell numbers and T-cell-mediated 

anti-tumor activities [4, 5]. However, how tumor conditions alter myelopoiesis leading to 

MDSC expansion, as well as how MDSCs are guided toward T-cell zones, remain 

unresolved and are important subjects to investigate.

Derived from the same hematopoietic progenitors, MDSCs share many proteins with those 

in their akin lineage of non-suppressive myeloid leukocytes [4, 6], and the lack of specific 

markers or methods to distinguish MDSCs hinders studies that aim to address the above 

questions. In mice, Gr-1+CD11b+ has been used to designate MDSCs [7–11], but these 

markers are not MDSC-specific, and are also expressed by other myeloid leukocytes 

especially non-suppressive granulocytes (polymorphonuclear leukocytes, PMN). In humans, 

progresses have been made to better separate peripheral MDSCs [12–14]; however, these 

successes provide only narrow possibilities for further mechanistic investigations, as human 

patients compared to animal models allow for very limited experimental research.

In this study, we developed a Percoll density gradient-based method that enables separation 

of MDSCs from non-inhibitory leukocytes in murine tumor models. Analyses of bone 

marrow myeloid compartments revealed an extensive expansion of G-MDSCs, but not M-

MDSCs, along with tumor growth of B16 melanoma, Lewis lung carcinoma (LLC) and 

MC38 colon carcinoma. These G-MDSCs display a low cell density but increased 

expression of CXCR2, which facilitates their release from the bone marrow and trafficking 

to TCR-activated T cells and tumor environments. Interestingly, our experiments revealed 

that bone marrow monocytes are natural MDSCs and possess the ability to inhibit T cells 

irrespective of tumor conditions, whereas mature PMN, whose formation is not diminished 

by tumor conditions, display strong anti-tumor effects providing tumor microenvironments 

present PMN activation mechanisms.

Results

Percoll gradient separation of myeloid leukocytes and MDSC

C57BL6 mice implanted with B16, LLC or M38 tumors displayed significant expansion of 

CD11b+Gr-1+ myeloid leukocytes, which consisted of Gr-1highLy6G+ granulocytes and 

Gr-1medLy6Chigh monocytes, in the bone marrow, peripheral blood, and spleen (Supporting 

Information Fig. 1, A and B). Further assays con-firmed that CD11b+Gr-1+ leukocytes from 

tumor-bearing mice strongly inhibit T-cell proliferation, confirming their 

immunosuppressive activity (Supporting Information Fig. 1C and D).
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Since CD11b+Gr-1+ leukocytes were heterogeneous, containing not only two populations of 

MDSCs (G- and M-) but also mature PMN that were likely non-immunosuppressive [12, 15, 

16], we devised Percoll density gradients to separate bone marrow leukocytes from mice 

bearing melanoma (s. c.). Five discontinuous densities were prepared, resembling the 

gradients previously used to isolate mature PMN from bone marrow [17–19]. As shown in 

Fig. 1A, gradient centrifugation separated bone marrow cells into four cellular bands, I, II, 

III, and IV, settled at the density interface of 5–40, 40–50, 50–60, and 60–70%, respectively. 

For healthy mice, percentages of bone marrow cells distributed in I, II, III and IV were 

approximately 15, 25, 25, and 35%, respectively. For tumor-bearing mice, the percentage in 

band III was increased to ~45%, resulting in relative reductions in I and II (the sum <25%); 

however, band IV remained unchanged (Table 1). The same Percoll density gradients were 

also used to separate bone marrow cells from mice with B16 lung metastasis (i. v.), LLC (s. 
c. or i. v.) or M38 (s. c); all showed significant expansion of band III and relative reduction 

of bands I and II, while band IV remained unchanged (Table 1).

Cell determination revealed that bands I and II contained B220+ B lymphocytes (~40%), a 

fraction (<10%) of Gr-1medLy6Chigh monocytic cells, and small cells, likely progenitor or 

stroma cells, whereas bands III and IV were enriched with CD11b+Gr-1+ myeloid 

leukocytes (Fig. 1B). In particular, band IV was essentially all mature PMN (>95%), which 

were Ly6G+ and displayed multi-segmented nuclei and high SSC values indicative of 

complex intracellular granular structures (Fig. 1C–E). Conversely, band III was a mixture of 

Ly6Chigh monocytic cells and Ly6G+, immature granulocytic cells as indicated by their less 

segmented or band-shape nuclei and lower SSC values (Fig. 1C–E). Significantly, we found 

that band III Ly6G+ granulocytes were the exclusive myeloid population that had undergone 

substantial expansion under tumor conditions, and was progressively increasing along with 

tumor development (Table 1, Fig. 1F). Despite the percentage of Ly6Chigh monocytes being 

relatively reduced in band III, this population, and also mature PMN in band IV, were not 

significantly changed under tumor conditions (Table 1, Fig. 1F). Similar Percoll density 

gradients were also tested with success to separate peripheral leukocytes from healthy 

humans and cancer patients (Fig. 1G and H).

Analyses of low density Ly6G+ granulocytes in band III also found that these cells, 

compared to mature PMN in band IV, were expressing lower levels of surface Ly6G antigen 

and intracellular myeloperoxidase (MPO) (Fig. 2A). They also demonstrated much lower 

levels of gelatinase activity (Fig. 2B), as well as lower levels of phagocytosis toward E. coli 
(Fig. 2C). When treated with PMA, band III Ly6G+ granulocytes produced lower levels of 

ROS than band IV mature PMN, albeit ROS levels were consistently 20–30% higher in 

tumor-bearing mice than in healthy mice (Fig. 2D).

Characterization of immunosuppressive capacity of separated leukocytes

We tested which bone marrow population separated by Percoll gradients had the capacity to 

inhibit T-cell proliferation, therefore containing MDSCs. For these experiments, splenic T 

cells were induced to proliferate by cell surface ligation of CD3 and CD28, and in this 

system, bone marrow leukocytes were added at the ratio of leukocytes: splenocytes = 1:4. As 

shown in Fig. 3A, no inhibition was exerted by leukocytes harvested from bands I, II and IV 
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(PMN); in contrast, leukocytes from band III, either of healthy or tumor mice, displayed 

strong inhibition at variable levels. As shown, while the band III leukocytes from tumor 

mice completely inhibited both CD4 and CD8 T-cell proliferation, those from healthy mice 

also displayed clear inhibition, albeit notably less potent.

Since band III contained a mixture of granulocytic and monocytic cells, further enrichment/

separation of granulocytes by Ly6G selection was performed and produced a population of > 
97% purity, the rest of which were majorly (~ 80%) Ly6Chigh monocytes. Testing these 

separated populations found that the band III Ly6G+ granulocytes from tumor mice potently 

inhibited T-cell proliferation, whereas those from healthy mice had no effect (Fig. 3B and 

C). Surprisingly, testing band III Ly6Chigh monocytes found that those from tumor mice or 

healthy mice displayed equally potent inhibition of T-cell proliferation (Fig. 3, B and C).

Further testing Ly6Chigh monocytes and Ly6G+ granulocytes isolated from the peripheral 

blood produced the same results, showing that granulocytes only from tumor mice inhibited 

T-cell proliferation, whereas monocytes from any mice, healthy or bearing tumors, displayed 

potent inhibition (Fig. 3D). These results suggest that bone marrow-derived monocytes are 

natural M-MDSCs and possess innate inhibition toward T cells irrespective of tumor growth; 

differently, granulocytes gain suppressive or G-MDSC capacity only under tumor 

conditions. Analyses of myeloid leukocytes in the spleen also showed an expansion of Ly6G
+ granulocytes and Ly6Chigh monocytes in tumor mice, and both displayed inhibition of T-

cell proliferation (Fig. 3E).

As arginase activity has been suggested to be instrumental for the immunosuppressive 

function of MDSCs [1, 20], we tested for leukocyte-specific arginase (arginase-1) in 

different bone marrow populations. To our surprise, no arginase-1 was detected in any 

leukocyte population isolated from bone marrow, even those from tumor mice. However, 

exposure to proliferating T cells induced arginase-1 expression in monocytic and 

granulocytic populations that displayed immunosuppressive activity. As shown in Fig. 3F, 

after co-incubation in the T-cell proliferation system for over 24 h, arginase-1 was expressed 

in band III Ly6G+ granulocytes from tumor mice and Ly6Chigh monocytes from both healthy 

and tumor mice. No arginase-1 expression was detected in band IV mature PMN from any 

mice, or in band III Ly6G+ granulocytes from healthy mice. Incubation of monocytes or 

granulocytes with cultured B16 cells failed to induce arginase-1 expression. Therefore, 

inducible arginase-1 expression in different leukocytes correlates with their MDSC 

activities. Furthermore, we observed that band III Ly6G+ granulocytes (G-MDSCs) from 

tumor mice were producing ROS when exposed to proliferating T cells, while band IV 

mature PMN, as well as the same density granulocytes from healthy mice, did not (Fig. 3G), 

even though mature PMN had a higher capacity of ROS production upon PMA treatment 

(Fig. 2D).

Ly6G+ granulocytes in healthy and tumor mice

Since band III Ly6G+ granulocytes were the myeloid leukocytes that extensively expanded 

in tumor mice, we further characterized these cells. Compared to the same density 

granulocytes from healthy mice, those from tumor mice expressed a slightly lower level of 

CD11b (Fig. 4A). Other cell surface proteins that were reportedly increased on G-MDSCs 
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isolated from the peripheral blood or the spleen, including M-CSF receptor (CD115), IL-4 

receptor (IL-4R) and CD244 [15, 21], showed no or only slight differences between 

granulocytes from healthy and tumor mice (Fig. 4A). CXCR4, the receptor critical for 

granulocyte retention in the bone marrow [22, 23], also showed similar expression in most of 

our tests, except in a few cases showing reduction on band III granulocytes from tumor 

mice. In contrast, the expression of CXCR2 was significantly increased on band III Ly6G+ 

granulocytes from tumor mice compared to those from healthy mice (Fig. 4A). CXCR2 is 

the principle chemokine receptor responding to CXC chemokines (e.g. CXCL-1/2) and 

directs granulocytes to egress out of the bone marrow and into the circulation and 

inflammatory tissues [22–25]. In healthy mice (blue line) the CXCR2 expression level is 

generally low on immature granulocytes (band III), but increases when granulocytes mature 

(band IV) (also see [26, 27]). However, in tumor mice, the CXCR2 expression on band III 

granulocytes increased multiple folds (Fig. 4A). Further chemotaxis assays (ex vivo) 

confirmed that these granulocytes had gained increased responsiveness to CXC chemokines. 

As shown (Fig. 4B), compared to the same density granulocytes from healthy mice that 

showed only weak responses, the band III granulocytes from tumor mice demonstrated 

enhanced chemotaxis toward CXCL1 (KC), resulting in over 40% of cells transmigrating 

across transfilters in 60 min. The band IV mature PMN from either healthy or tumor mice 

also displayed effective chemotaxis with ~50% of applied PMN transmigrated. Granulocyte 

chemotaxis toward KC was blocked by SB225002, a CXCR2 antagonist [28].

Adoptive transfer experiments were performed to assess granulocyte infiltration in vivo 

toward tumor tissues. For these experiments, Ly6G+ granulocytes of band III or IV from 

healthy and tumor-bearing mice were labeled with CMTMR (red) and CFSE (green), 

respectively, and were then mixed and transferred into recipient mice that bore B16 

melanoma (Fig. 4C). Analyses of the recipient mice 6 h later observed a considerable 

number of transferred granulocytes recruited into melanoma tissues except when SB225002 

was given (Fig. 4C and D). The infiltrated granulocytes were those from band III of tumor 

mice (G-MDSCs, green) and band IV (mature PMN) from either healthy or tumor mice. 

Further analyses after 18 h found that only band III granulocytes from tumor mice (G-

MDSCs, green) remained in melanoma tissues, whereas mature PMN from either mice 

disappeared. These data suggest that both mature PMN and G-MDSCs infiltrate melanoma 

tissues; however, G-MDSCs stay longer and thus likely exert greater effects than mature 

PMN. Meanwhile, band III granulocytes from healthy mice (red), though not appearing in 

melanoma tissues, were homing to bone marrow (Fig. 4E and F). We also observed that 

treating B16 tumor mice with SB225002 significantly reduced tumor burden (Fig. 4G and 

H), and this effect of tumor suppression was associated with increased T cells and reduced 

granulocytes in tumor tissues (Fig. 4I).

Considering both G-MDSCs and mature PMN have the capacity to infiltrate melanoma, we 

further evaluated their effects on tumor growth. For these experiments, the isolated band III 

granulocytes (G-MDSCs) from tumor mice and band IV mature PMN (5 × 106 each, > 90% 

purity) were intratumorally injected into B16 melanoma when the tumor sizes were about 

100 mm3. As shown (Fig. 5A), intratumoral injections of G-MDSCs significantly promoted 

B16 tumor growth, while injections of mature PMN had only minute effects. Analyses of 

tumor-infiltrating T cells found that the transfer of G-MDSCs, but not PMN, significantly 
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reduced (> 50%) T cells of both CD4 and CD8 in tumor tissues, a fact consistent with in 

vitro studies showing that G-MDSCs inhibited T cells while PMN did not (Fig. 5B).

The absence of tumor suppression by mature PMN was puzzling, given that likely the same 

cells (N1 neutrophils) have been reported to possess anti-tumor capacities [29–31]. We 

tested if the lack of PMN activation in tumor tissues could be the reason and performed 

intratumoral PMN activation. A mixture of PMN activation agents including PMA, 

zymosan, and fMLP were injected into the same tumors three minutes after the tumors were 

injected with PMN. As shown (Fig. 5D), this procedure of intratumoral activation of PMN 

resulted in drastic shrinkage of B16 melanoma, suggesting that PMN execute powerful anti-

tumor effects providing the presence of PMN activation mechanisms intratumorally.

Discussion

Although myelopoiesis can be found in different organs such as the spleen, the bone marrow 

is the central place for myelopoiesis and thus is most likely the major location of MDSC 

production under cancer conditions. Despite this fact, studies of MDSCs in bone marrow 

compared to other places are less prevalent. In our studies, extensive expansions of CD11b
+Gr1+ myeloid leukocytes have been observed in the bone marrow of tumor-bearing mice. 

These leukocytes, though frequently classified as MDSC in literature [1, 5, 9], are 

heterogeneous, containing populations of immunosuppressive M-MDSCs and G-MDSCs 

along with non-immunosuppressive leukocytes especially large numbers of mature 

granulocytes (PMN). These facts not only perplex the field of study aiming to delineate the 

mechanisms by which tumor conditions alter myelopoiesis and induce immunosuppressive 

leukocytes, but also become the critical barrier for developing therapeutic strategies that 

suppress MDSC while preserving PMN essential for innate immunity.

Herein, we successfully modified Percoll density gradient separation, a method previously 

used to isolate bone marrow mature PMN, to separate MDSCs, especially G-MDSCs from 

non-immunosuppressive PMN. This method surpasses Ly6G+-based selection or other 

isolation methods reported in literature in which studies of G-MDSCs have more than likely 

used a mixture of G-MDSCs and PMN due to the fact that their isolation methods were not 

allowing proper separation. In addition to this study, Granot and colleagues [12] had also 

employed density gradients (Histopaque) to study granulocyte dynamics during tumor 

progression. Differing from our work which studied bone marrow myeloid compartments 

under tumor conditions developed in a C57BL/6 background, Granot’s work analyzed 

peripheral granulocytes in the 4T1 mammary tumor model in a BALB/c background. 

Despite these differences, our results are in agreement with some of Granot’s data, 

especially the results showing that low-density granulocytes were significantly expanded in 

tumor-bearing mice and that this expansion did not appear to affect the population of mature 

PMN formation.

In particular, in five tumor allograft models including B16, LLC and MC38 subcutaneous 

engraftments, B16 lung metastasis, and LLC lung carcinoma, we found that the low-density 

granulocytic population, which was later confirmed to be G-MDSCs, was extensively 

expanded in the bone marrow, and this expansion contributed to the majority of increased 
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CD11b+Gr-1+ myeloid leukocytes. In comparison, the population size of Ly6Chigh 

monocytes/M-MDSCs did not significantly change after mice bore tumors. As stated above, 

the expansion of G-MDSCs was also found to neither increase nor decrease the population 

of mature PMN, suggesting that G-MDSCs are not precursory of PMN and the two 

populations might be derived from different paths. Interestingly, Granot’s work showed that 

mature PMN could lose cell density, along with potent anti-tumor effects, when the tumor 

condition progressed toward the late stage [12]. In conclusion, these studies suggest that G-

MDSCs might be the most important immunosuppressive component supporting tumor 

growth. This suggestion is in line with various human cancer conditions studied thus far, 

including bladder cancer [14, 32], head and neck cancer [33], non-small cell lung cancer 

[34–36], gastric cancer [37, 38], pancreatic carcinoma [39, 40] etc. in which G-MDSCs have 

been reported to be expanded and the primary source of immunosuppression. This also 

agrees with the speculation that IL-33 inhibits G-MDSC expansion and function, thereby 

inhibiting tumor growth, without affecting M-MDSCs [41]. A reduction of G-MDSCs has 

also been reported in cancer patients with longer overall survival and those who had 

responded to various chemotherapies [34, 42, 43].

Moreover, our data show that tumor-induced G-MDSCs are distinct from regular immature 

granulocytes and mature PMN by the capacity to inhibit T cells, the capability to express 

arginase-1, the increased expression of CXCR2 (versus regular immature granulocytes), and 

a long lifespan after infiltrating tissues (versus mature PMN). As shown in this study, 

although G-MDSCs and regular immature granulocytes share some physical indices (e.g. 

cell density and SSC value) and appearance (non-segmented nucleus), the former express a 

higher level of CXCR2 and, as such, gain egress into the circulation and tumor tissues, 

whereas the latter with low CXCR2 are primarily restrained to the bone marrow. Therefore, 

G-MDSCs behave like true effector leukocytes, designated to be released and execute 

immunosuppressive function at a distance. Indeed, adoptive transfer of G-MDSCs, and also 

mature PMN, into tumor-bearing mice resulted in their fast tracking into tumor tissues; 

however, G-MDSCs exhibited a longer retention than PMN, and apparent tumor-growth 

promotion, whereas mature PMN had nearly no effect. These results not only denote G-

MDSC-mediated protumoral effects supporting tumor microenvironments, but also point out 

that mere mobilization of PMN into tumor tissues may lead to only minimal anti-tumor 

effects. Mechanisms that activate PMN in the tumor, as articulated in our experiments, are 

needed in order for PMN-mediated tissue damage to proceed and confer tumor elimination. 

However, it is conceivable that tumor microenvironments, which have the ability to mask 

tumor cells/tissues as ‘healthy self’, may not naturally present mechanisms that activate 

PMN for tissue damage, or might even be imposing immunosuppressive mechanisms that 

suppress PMN activation, and these would be challenges for developing PMN-based anti-

tumor therapies. Along this line, it is also necessary to carefully consider the use of CXCR2 

antagonists, which block both G-MDSCs and mature PMN. Perhaps, these reagents should 

be used only when the benefits of depleting G-MDSCs outweigh disadvantages that include 

compromising innate immunity and the possible PMN-mediated anti-tumor effects. Despite 

that G-MDSCs appear to be effector cells, studies have demonstrated the possibility of 

converting G-MDSCs into PMN by GM-CSF in vitro [15], suggesting that regulating G-

MDSC plasticity might still be possible.
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Very interestingly, our study reveals that the bone marrow monocytes in C57BL6 mice are 

natural M-MDSCs. As shown, freshly isolated Ly6Chigh monocytes from either healthy or 

tumor-bearing mice demonstrated similarly potent inhibition of T-cell proliferation. 

Differing from G-MDSCs, which are associated with tumor conditions, monocytes being M-

MDSCs show slight differences between mice with and without tumor growth. The 

observation that M-MDSCs are present in healthy C57BL6 mice has also been reported by 

Slaney et al. [44], who explored monocyte-mediated immunosuppression to treat 

autoimmune condition. Perhaps, M-MDSC-conveyed immunosuppression is essential for 

controlling sporadically occurring, ‘dysregulated’ T-cell activation, thus preventing 

unwanted autoimmunity, and possibly this mechanism is exploited by tumors especially at 

the initial stage before systemic immunosuppression is fortified by G-MDSCs. Therefore, it 

is essential to understand if this “monocytes/M-MDSCs status” is dynamic and whether it 

can be altered, such as under conditions of infection, vaccination, and inflammation, in 

which T-cell proliferation and development of adaptive immunity are central to the 

pathophysiological processes.

Despite that previous studies have suggested that arginase-1 pertains to MDSC-mediated T-

cell inhibition [20, 45, 46], our study of bone marrow MDSCs demonstrates that the enzyme 

expression is precluded in both M- and G- MDSCs prior to their exposure to TCR-activated 

T-cell proliferation. Testing different leukocyte populations also confirmed that arginase-1 

expression, although requiring induction, is restricted to M/G-MDSCs, not in regular 

immature granulocytes and mature PMN that lack the immunosuppressive capacity. In 

addition, G-MDSCs, but not mature PMN, were observed to produce ROS after 

encountering proliferating T cells, which is consistent with the notion that ROS is a 

mechanism for G-MDSC-mediated immunosuppression [1, 6]. Together, these results 

indicate that bone marrow myelopoiesis undergoes critical reprogramming under tumor 

conditions, resulting in the expansion of G-MDSCs, a special population of granulocytic 

leukocytes that express unique transcriptional and translational profiles, allowing these cells 

to become the most prominent cancer supporter during tumor progression.

Materials and methods

Tumor mouse models

C57BL/6J mice (6–8 week, 20–22 g, the Jackson Laboratory) were engrafted (allograft) 

with B16 melanoma, LLC or MC38 carcinoma (each 2 × 105 cells in 100 μL PBS) 

subcutaneously (s.c.) or intravenously (i.v.); tumors were generally formed in 2–3 weeks. 

Tumor sizes measured by calipers were calculated as: V = π/6 × (width)2 × (length). B16 

(B16F10), LLC and MC38 cells were obtained from American Type Culture Collection 

(ATCC)). To test CXCR2 antagonist, SB225002 (Selleckchem) was given intraperitoneally 

(i.p., 1 mg/kg) along with or after tumor engraftment. To test leukocyte trafficking to tumors, 

bone marrow G-MDSCs or mature PMN (1 × 107 each), with or without labeling with 5-

(and-6)-(((4-chloromethyl) benzoyl) amino) tetramethyl-rhodamine (CMTMR, red) or 

carboxyfluorescein diacetate suc-cinimidyl ester (CFSE, green), were administered (i.v.) into 

B16 melanoma-bearing mice in which tumors were about 500 mm3, or injected 

intratumorally when the tumor size was about 100mm3. In the latter experiments, immediate 
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injections of PMN activation agent, a mixture of PMA (1 μM), zymosan (0.25 mg) and 

fMLP (1 μM), in 50 μL PBS, was performed following the intratumoral PMN administration 

in a set of experiments.

Percoll density gradients separating leukocytes

Prior to preparing density gradients, Percoll (Sigma) was adjusted to 150 mM NaC1, 325 

mOsM by mixing 1-part 10× HBSS with 9-parts Percoll. Further dilution in HBSS (v/v) 

produced Percoll density solutions of 80% (1.099 g/mL), 70% (1.088 g/mL), 60% (1.076 g/

mL), 50% (1.064 g/mL), 40% (1.052 g/mL), and 5% (1.012 g/mL). Five-step discontinuous 

density gradients were prepared in a 15 mL tube by layering successively decreasing density 

solutions (2 mL/layer) upon one another (80, 70, 60, 50, 40, and 5%) starting with the 

densest placed at the bottom. To better distinguish density layers, some Percoll solutions 

were prepared in HBSS with phenol red to create alternating-colored density layers. About 5 

× 107 bone marrow cells harvested from femur and tibia by flushing bone cavities and 

followed by RBC lysis were placed on top of the gradients in 2 mL PBS, followed by 

centrifugation at 1000 × g for 45 min in a swinging bucket rotor. This centrifugation did not 

disrupt Percoll density layers but resulted in cells forming bands at the density-transition 

interfaces. Cells in each band were collected, washed and analyzed by FACS. Further 

separation of Ly6G+ granulocytic and Ly6Chigh monocytic cells enriched in band III was 

done using biotin-conjugated anti-Ly6G antibody and streptavidin-conjugated magnetic 

microbeads, which positively selected granulocytes (>95% purity), leaving the unbound to 

be majorly (>85%) of Ly6Chigh monocytes. Peripheral blood leukocytes were obtained after 

anticoagulation of the whole blood followed by RBC lysis prior to separation by Percoll 

gradients.

T-cell proliferation and inhibition assay

Fresh splenocytes (6 × 105) labeled with CFSE were induced to proliferate in a 96-well plate 

that had been immobilized with anti-CD3 antibody (1 μg/mL) in the presence of soluble 

anti-CD28 antibody (0.5 μg/mL, both from Biolegend) in RPMI1640 with 10% FBS for 4 

days (37°C, 5% CO2). To test inhibitory effects by myeloid leukocytes, different populations 

of leukocytes were added into the T-cell proliferation system at the ratio of 1:2, 1:4, or 1:8 of 

leukocytes to splenocytes. T-cell proliferation was then evaluated microscopically and by 

FACS that determined CFSE dilution.

PMN/granulocyte functional assays

To measure ROS production, leukocytes treated with 1 μM PMA or exposed to CD3/CD28-

induced T-cell proliferation were in the presence of oxidation-sensitive dye DCFDA (5 μM, 

Invitrogen). After washing, DCFDA staining, which was correlated with ROS production 

intracellularly, was measured by FACS. To measure phagocytosis, leukocytes (1 × 106) were 

incubated with 1 μg Alexa Fluor 488-conjugated E. coli BioParticles (Invitrogen) at 37°C for 

15 min. After washing, cells were further labeled for CD11b and/or Ly6G, or directly 

analyzed by FACS. Arginase-1 expression was detected by Western blot using an anti-

arginase-1 antibody (H-52, Santa Cruz Biotechology) after granulocyte lysis. To measure 

gelatinase activity, gelatin zymography was performed using acrylamide gels embedded with 

0.1% gelatin (Bio-Rad) following the manufacturer’s protocol. To test chemotaxis, different 
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populations of granulocytes (2 × 106) were labeled with CFSE and then placed into the 

upper chambers of transwell devices containing collagen-coated transfilters (0.33 cm2, 5 μm 

pore size) [47, 48] in 150 μL HBSS without or with the addition of SB225002 (100 nM). 

Chemotactic transmigration was induced by murine keratinocyte chemoattractant (KC, 50 

ng/mL, Peprotech) in the lower chambers in 500 μL HBSS (37°C, 1h).

Statistical analysis

Data are presented as the mean ± SEM. Statistical differences/significance between data 

were assessed by the two-tailed Student’s t-test for two groups or one-way ANOVA 

followed by Dunnett’s Multiple Comparison test.
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Figure 1. 
Separation of bone marrow myeloid leukocytes by Percoll density gradients. (A) Bone 

marrow cells harvested from healthy and B16 melanoma-bearing mice were applied to 

discontinuous Percoll density gradients. After centrifugation, four cell-enriched bands, I, II, 

III, IV, were formed at sequentially increased density interfaces. Representative flow 

cytometric (B) analyses of cell types in each band. (C) Determination of monocytic and 

granulocytic cells in the Gr-1+CD11b+ myeloid population by Ly6C and Ly6G labeling. (D) 
Analyses of Ly6G+ granulocytes in bands III and IV for FSC and SSC values. (E) Giemsa 

staining of Ly6G+ granulocytes for nuclear morphology. Scale bar: 5 μm. Data in (A–E) are 

from a single experiment representative of over five independent experiments with three to 

five mice per experiment. (F) Progressive expansion of band III Ly6G+ granulocytes in mice 

engrafted with B16 melanoma. (G–H) Separation of human peripheral leukocytes by Percoll 

density gradients and FACS analyses of granulocytes (CD66+) and monocytes (CD14+) in 

high density (HD) and low density (LD) fractions. Data in (F, H) are expressed as median ± 

SEM and represent over five independent experiments with five mice or patients per 

experiment. The significant differences between the tested groups were calculated by two-

tailed paired Student’s t-test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Figure 2. 
Functional characterization of Ly6G+ granulocytes in bands III and IV. (A) Expression of 

cell surface Ly6G antigen and intracellular MPO. Ly6G+ granulocytes in bands III and IV 

were directly incubated with an anti-Ly6G antibody to detect cell surface Ly6G or were first 

permeabilized using Triton prior to incubation with PE-conjugated anti-MPO antibody for 

MPO detection by flow cytometry. NC: Cells labeled with PE-conjugated goat anti-rat IgG. 

(B) PMA-induced release of gelatinase activity. The supernatants of PMA-treated Ly6G+ 

granulocytes were collected and gelatinase activity (arrowhead) was analyzed by 

zymography. (C) Phagocytosis toward Alexa Fluor-conjugated E. coli. (D) PMA-induced 

ROS production determined by DCFDA staining. Data demonstrated in C and D are 

expressed as median ± SEM and represent over five independent experiments with over five 

mice per experiment. The significant differences between the tested groups were calculated 

by two-tailed paired Student’s t-test. ***p ≤ 0.001. Data demonstrated in (A, B and left 

panel of D) are from a single experiment representative of five independent experiments 

with at least three mice per experiment.
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Figure 3. 
MDSC activity in different myeloid populations. (A) Assay for bone marrow leukocyte-

mediated inhibition of T-cell proliferation. Splenic T cells (labeled with CFSE) were 

induced for proliferation by ligating CD3 and CD28 followed by incubation at 37°C. After 4 

days, positive proliferation was determined by the CFSE dilution toward a lower 

fluorescence intensity. To test leukocytes-mediated inhibition, bone marrow leukocytes from 

healthy and B16 melanoma mice separated by Percoll gradients in bands I and II 

(combined), III, and IV were added into the T-cell proliferation system at the ratio of 1:4 for 

leukocytes to splenocytes. (B) Inhibition of T-cell proliferation by band III Ly6G+ 

granulocytes and Ly6Chigh monocytes. Ly6G selection was performed to separate the band 

III granulocytes from monocytes prior to testing both cell types in T-cell proliferation 

assays. (C) Dose-dependent inhibition of proliferation by band III Ly6G+ granulocytes and 

Ly6Chigh monocytes. (D and E) Testing Ly6G+ granulocytes and Ly6Chigh monocytes from 

peripheral blood (PB) and spleen (SP) for inhibition of T-cell proliferation. (F) Western blot 

detecting arginase-1 in band III and IV bone marrow leukocytes before (−) and after (+) co-

culturing these cells with CD3/CD28-ligated T cells. (G) Induced ROS production in G-

MDSCs by proliferating T cells. The band III and IV bone marrow leukocytes from different 

mice were co-cultured with CD3/CD28-ligated T cells in the presence of DCFDA for 6 h. 

ROS production indicated by positive DCFDA staining was evaluated by flow cytometry. 

Flow cytometry data in A, B, D, G are from one experiment representative of at least three 

experiments with over six mice per experiment. Statistical data in C and G are expressed as 

median ± SEM and represent at least three experiments with over six mice per experiment. 

The significant differences between the tested groups were calculated by two-tailed paired 

Student’s t-test. ***p ≤ 0.001.
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Figure 4. 
Increased CXCR2 expression on G-MDSCs directs egress out of bone marrow into tumors. 

(A) Isolated bone marrow band III and IV Ly6G+ granulocytes from healthy and melanoma-

bearing mice were detected for cell surface markers by flow cytometry. (B) G-MDSC and 

PMN chemotaxis toward CXCL1 (KC). In vitro chemotaxis assays were performed using 

transwell setups toward KC in the presence or absence of a CXCR2 antagonist SB225002). 

(C–F) In vivo granulocyte trafficking to B16 melanoma. Isolated band III Ly6G+ 

granulocytes and band IV mature PMN were labeled with fluorescence dye, CMTMR (red) 

for those originated from healthy mice, or CFSE (green) for those originated from 

melanoma-bearing mice. Mixed red and green (1:1 ratio) granulocytes of band III or IV 

were then transferred i.v. into melanoma-bearing recipient mice (tumor size ~ 500 mm3), 

without or along with SB225002. At 6 and 18 h post transfer, melanoma tumors (C and D) 

and femur bones (E–F) were excised and analyzed for colored granulocytes within CD11b
+Ly6G+ cells (R1 gating), indicating donor Ly6G+ granulocyte trafficking. G–I). Mice 

engrafted with B16 were given (i.p., 3×) SB225002 or vehicle every other day. The effects 

on tumor growth (G and H), the overall survival rates (H), and the intratumoral T cells and 

other leukocytes (I) were determined on day 18. Flow data in left panel A, C and E are from 
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a single experiment representative of at least three independent experiments with five mice 

per experiment. Data in A, B, D, F, H and I are presented as mean ± SEM and represent at 

least three experiments with more than five mice per experiment. The significant differences 

between the tested groups were calculated by two-tailed paired Student’s t-test (A, H, I) or 

one-way ANOVA followed by Dunnett’s Multiple Comparison test (B). **p ≤ 0.01; ***p ≤ 

0.001.
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Figure 5. 
Effects of G-MDSCs and mature PMN on tumor growth. (A and B) Isolated G-MDSCs or 

PMN from bone marrow bands III and IV of melanoma-bearing mice were intratumorally 

injected (i.t.) into recipient mice that bore melanoma tumors (tumor size ~ 100 mm3) for 

three consecutive days (days 12, 13, and 14). Tumor growth was recorded (A) and tumor 

infiltrated T cells were analyzed on day 15 (B). (C) B16 cells were co-cultured with PMN in 

the absence or presence of PMA for 18 h. (D and E) Bone marrow PMN (band IV) isolated 

from healthy or tumor-bearing mice were intratumorally injected into recipient melanoma 

tumors. To activate PMN, a set of mice were given the second injections of a mixture of 

PMA, zymosan and fMLP. These procedures were performed three times (d 12, 13, and 14). 

Tumor growth (D) and the overall survival rates (E) were analyzed. Demonstrated data (A–

D) represent at least three independent experiments with five or six mice per experiment. 

Data in B and C are presented as mean ± SEM. The significant differences between the 

tested groups were calculated by one-way ANOVA followed by Dunnett’s Multiple 

Comparison test. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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Table 1

Percoll-density separation of bone marrow (BM) cells

BM from healthy mice and mice engrafted with B16 melanoma, LLC lung carcinoma or MC38 colon cancer for 21 days were harvested from 
femur and tibia bones, followed by separation by Percoll density gradients. Total BM cells prior to separation and cells distributed in bands I to IV 

were counted. Ly6Chigh and Ly6G+ cells in band III were determined by FACS. The significant differences between the tested groups were 
calculated by one-way ANOVA followed by Dunnett’s Multiple Comparison test.

a)
p ≤ 0.001
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