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mTOR masters monocytic myeloid-
derived suppressor cells in mice 
with allografts or tumors
Tingting Wu1,*, Yang Zhao1,*, Hao Wang2,*, yang Li1, Lijuan Shao1,3, Ruoyu Wang3, Jun Lu4, 
Zhongzhou Yang5, Junjie Wang2 & Yong Zhao1

CD11b+ Gr1+ myeloid-derived suppressor cells (MDSCs) play critical roles in controlling the processes 
of tumors, infections, autoimmunity and graft rejection. Immunosuppressive drug rapamycin (RPM), 
targeting on the key cellular metabolism molecule mTOR, is currently used in clinics to treat patients 
with allo-grafts, autoimmune diseases and tumors. However, the effect of RPM on MDSCs has not been 
studied. RPM significantly decreases the cell number and the immunosuppressive ability on T cells of 
CD11b+ Ly6Chigh monocytic MDSCs (M-MDSCs) in both allo-grafts-transplanted and tumor-bearing mice 
respectively. Mice with a myeloid-specific deletion of mTOR have poor M-MDSCs after grafting with 
allo-skin tissue or a tumor. Grafting of allo-skin or tumors significantly activates glycolysis pathways in 
myeloid precursor cells in bone marrow, which is inhibited by RPM or mTOR deletion. 2-deoxyglucose 
(2-DG), an inhibitor of the glycolytic pathway, inhibits M-MDSC differentiation from precursors, while 
enhancing glycolysis by metformin significantly rescues the RPM-caused deficiency of M-MDSCs. 
Therefore, we offer evidence supporting that mTOR is an intrinsic factor essential for the differentiation 
and immunosuppressive function of M-MDSCs and that these metabolism-relevant medicines may 
impact MDSCs-mediated immunosuppression or immune tolerance induction, which is of considerable 
clinical importance in treating graft rejection, autoimmune diseases and cancers.

CD11b+ Gr1+ myeloid-derived suppressor cells (MDSCs) are now known to accumulate and play critical roles 
in various conditions like tumors, infections, autoimmune diseases and graft rejection1–3. These cells are a highly 
heterogeneous cell population with hematopoietic cell precursors at various differentiation stages to mature mac-
rophages, dendritic cells (DCs), and granulocytes4. In general, MDSCs are divided into monocytic (M-MDSCs, 
CD11b+ Ly6Chigh) and granulocytic (G-MDSCs, CD11b+ Ly6Cmedium) subpopulations, which are distinguished 
phenotypically1,5,6. MDSCs-mediated suppression on T cells through multiple molecular mechanisms. High levels 
of both arginase 1 (Arg1) and inducible nitric oxide synthase (iNOS) expressed by MDSCs resulted in depletion 
of L-Arginine in the microenvironment which is essential for T cell proliferation7. Reactive oxygen species (ROS) 
of MDSCs via catalyze the nitration of TCR, which consequently decreases the T cell-peptide/MHC interaction8. 
In addition, other mechanisms mediated by heme oxygenase-1 (HO-1), indoleamine 2,3 dioxygenase (IDO) 
and membrane-bound TGF-β 1 et al. are also involved in MDSCs-mediated immunosuppression in certain cases 
have been reported9–12. It is demonstrated that signal transducer and activator of transcription (STAT3, STAT1, 
STAT5 and STAT6) and NF-κ B may promote the differentiation of MDSCs13, whereas Smad3 negatively regulates 
CD11b+ Gr1+ MDSC maturation and function14. However, the intrinsic molecular mechanisms for controlling 
CD11b+ Gr1+ MDSC differentiation and function are still poorly understood.

The mammalian target of rapamycin (RPM) (mTOR) pathway is well recognized to master cell metabolism, 
proliferation and survival. The specific inhibitor of mTOR, RPM, is widely used in clinics to treat allograft rejec-
tion, autoimmune diseases and some cancers today15–18. In addition to its efficient effects on T cell subsets19–21, 
RPM has recently emerged as an important regulator of innate immune cell homeostasis and inflammatory 
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response22–25. However, whether mTOR pathway is involved in MDSC induction and function in settings of 
transplantation and tumors needs to be addressed. In the present study, we investigated the effects of RPM on 
MDSCs in allogeneic skin (alloskin)-grafted mice and tumor-bearing mice respectively. Our results show that 
RPM treatment significantly decreases CD11b+ Ly6Chigh M-MDSCs but not G-MDSCs in these two experimental 
models. Furthermore, studies using mice with a myeloid-specific deletion of mTOR or mTORC2 essential com-
ponent rictor demonstrate that mTORC1 but not mTORC2 intrinsically controls CD11b+ Ly6Chigh M-MDSC 
differentiation and immunosuppressive function through controlling cellular metabolism pathway. Moreover, 
blocking glycolysis by 2-deoxyglucose (2-DG) decreased M-MDSC differentiation and enhancing glycolysis by 
metformin promotes M-MDSC differentiation. Therefore, our study suggests that RPM and 2-DG treatment may 
potentially block MDSCs-mediated immune tolerance establishment in transplant settings and likely promote 
anti-tumor immune response in terms of regulation on MDSCs. On the other hand, metformin potentially pro-
motes M-MDSCs-mediated immune down-regulation or tolerance. We believe the present study may have great 
potential impacts on the clinical usage of RPM, 2-DG and metformin to treat patients with allograft transplanta-
tion, autoimmune diseases and cancers.

Results
RPM significantly decreases M-MDSCs in alloskin-grafted mice.  In order to understand the effects 
of RPM on allograft-induced MDSCs, we first employed the alloskin-grafted mouse model. RPM-treated B6 
mice (H-2b) rejected BALB/c (H-2d) alloskin grafts at a significantly increased median survival time (MST) as 
long as 13 days, whereas the control B6 mice rejected alloskin grafts with a MST of about 10 days as expected 
(p <  0.05, Suppl. Fig. 1A). Alloskin grafts promoted the accumulation of CD11b+ Gr1+ innate cells in the spleens 
and dLNs of recipient mice compared with the un-grafted mice (P <  0.001, Fig. 1A,B), as reported previously3,14. 
However, RPM treatment significantly blocked the induction of CD11b+ Gr1+ innate cells by alloskin grafts in 
the spleens and dLNs of recipient mice in respect of percentages and total cell numbers (P <  0.001, Fig. 1A,B). It is 
known that CD11b+ Gr1+ MDSCs consists of two major subsets of granulocytic CD11b+ Ly6Cmed and monocytic 
CD11b+ Ly6Chigh cells26. We therefore assayed these two subsets in the alloskin-grafted mice using anti-Ly6C and 
anti-CD11b mAbs. RPM selectively decreased the percentages and cell numbers of CD11b+ Ly6Chigh innate cells 
in the spleens and dLNs of alloskin-grafted mice (P <  0.001, Fig. 1C,D), while the CD11b+ Ly6Cmed granulocytic 
cells were not significantly impacted by RPM in these mice (Fig. 1C,E). The percentage of CD11b+ Ly6Chigh innate 
cells in the alloskin grafts of RPM-treated mice was also remarkably decreased compared to alloskin-grafted mice 
(Suppl. Fig. 1B,C), while the CD11b+ Ly6Cmed granulocytic cells in alloskin grafts were weakly impacted by RPM 
in these mice (Suppl. Fig. 1D). Additionally, we also found that CD4 and CD8 T cells were decreased in alloskin 
grafts of RPM-treated mice (Suppl. Fig. 2). The decreased T cells in alloskin grafts are likely due to the direct 
inhibitory effects of RPM on T cells in recipient mice. To further define whether Ly6Chigh population belongs to 
monocytic cells, we observed the Ly6G expression on the gated Ly6Chigh and Ly6Cmedium cells. As shown in Suppl. 
Fig. 3, almost no cells in the Ly6Chigh cell population express Ly6G, whereas a high percentage of Ly6Cmedium cells 
express Ly6G (Suppl. Fig. 3A). These data indicate that Ly6Chigh cells are mainly monocytic, while Ly6Cmedium cells 
mainly belong to granulocyte population. Furthermore, the percentages of CD11b+ Ly6ChighLy6G− and CD11b+ 
Ly6CmediumLy6G+ subpopulations were observed using multiple-color staining flow cytometry. RPM treatment 
significantly decreased CD11b+ Ly6ChighLy6G− monocytic cell population but no detectable effects on CD11b+ 
Ly6CmediumLy6G+ subpopulation (Suppl. Fig. 3B). Thus, RPM selectively impacts on CD11b+ Ly6ChighLy6G− 
monocytic cell population in alloskin-grafted mice. To determine whether the accumulated CD11b+ Ly6Chigh 
cells in alloskin-grafted mice are so-called immunosuppressive MDSCs, we performed immunosuppression 
assays using T cells as effectors as reported previously14. It is true that CD11b+ Ly6Chigh cells isolated from skin-
grafted mice displayed dose-dependent inhibitory effects on both CD4+ and CD8+ T cell proliferation (Fig. 1F, 
Suppl. Fig. 4). However, CD11b+ Ly6Cmedium cells isolated from RPM-treated skin-grafted mice failed to effi-
ciently inhibit T cell proliferation (Suppl. Fig. 5). Thus, RPM treatment selectively inhibits the immunosuppres-
sive CD11b+ Ly6ChighLy6G− M-MDSC induction and immunosuppressive function in alloskin-grafted recipients.

Deletion of mTOR in myeloid cells decreases M-MDSCs in mice after transplantation.  It is well 
known that RPM acts on mTOR and modulates many immune cell subpopulations such as T cells and mac-
rophages in a positive or negative way24,25,27,28. To address whether RPM acts on CD11b+ Ly6Chigh M-MDSCs 
directly or indirectly, we employed mice with a myeloid-specific deletion of mTOR (Suppl. Fig. 6) as recipients 
to exclude the indirect effects on M-MDSCs of RPM due to the direct actions on T cells of RPM which certainly 
occur in RPM-treated mice. The deletion efficiency of mTOR in the sorted monocytes/macrophages and granu-
locytes was determined by real-time PCR, western blots and mTOR activity indicated by p-S6 (Suppl. Fig. 6). On 
the other hand, Lyzs was mainly expressed in CD11b+ Ly6Chigh/medium cells, whereas almost no CD11b+ CD11c+ 
dendritic cells express Lyzs, as determined by Lyzs-GFP reporter mice (Suppl. Fig. 7). Thus, Lyzs-cre/mTOR loxp 
mice selectively delete mTOR gene in CD11b+ Ly6C+ cells but not CD11c+ cells. With Lyzs-mTOR KO mice as 
recipients of alloskin grafts, we observed the skin graft survival and detected the levels of immune cell subpop-
ulations. As shown in Fig. 2, from day 7 to 11, alloskin grafts on WT recipients showed progressing loss of hair, 
dermal necrosis and scab formation. However, the alloskin grafts on Lyzs-mTOR KO recipients showed more 
aggressive necrosis and scab formation as early as day 8 after grafting (Fig. 2A). In line with these observations, 
the skin grafts were fully rejected by Lyzs-mTOR KO mice more rapidly than by WT mice (P <  0.01, Fig. 2B), 
which is in contrast to the observation showing that RPM treatment significantly prolonged alloskin graft sur-
vival. To determine the intensity of adaptive immunity to allo-grafts in Lyzs-mTOR KO recipients, we detected 
the levels of anti-donor IgG and IgG2b subclasses in the serum and the expressions of inflammatory cytokines 
like IL-6 and IFN-γ  in CD4+ and CD8+ T cells by flow cytometry assays as described previously29. Significantly 
higher percentages of CD4+ and CD8+ T cells of Lyzs-mTOR KO recipients expressed IL-2 and IFN-γ  than those 
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in WT recipients respectively (P <  0.01, N =  5, Fig. 2C). In parallel, the levels of total anti-donor IgG and IgG2b in 
Lyzs-mTOR KO recipients were significantly higher than WT recipients after 2 weeks post transplantation (Suppl. 
Fig. 8). Therefore, these data collectively indicate that recipients with an mTOR deficiency specifically in myeloid 
cells promoted an enhanced adaptive immunity against alloskin grafts.

Meanwhile, significantly less percentages of CD11b+ Ly6Chigh monocytic cells but not CD11b+ Ly6Cmedium 
granulocytic cells in the peripheral blood of skin-grafted Lyzs-mTOR KO recipients were observed compared to 
WT recipients (P <  0.001, Fig. 2D). CD11b+ Ly6Chigh monocytic cells in the spleens of Lyzs-mTOR KO recipi-
ents were significantly less than in WT recipients in terms of the percentages and total cell numbers (P <  0.001, 
Fig. 2E). The levels of CD11b+ Ly6Cmedium granulocytic cells were identical in spleens of WT and Lyzs-mTOR 
KO recipients (P >  0.05, Fig. 2E). In addition, there were less CD11b+ Ly6Chigh monocytic cells in the dLNs and 
alloskin grafts of skin-grafted Lyzs-mTOR KO recipients (P <  0.01, Fig. 2F, Suppl. Fig. 9A). Furthermore, when 
the immunosuppressive function was evaluated using the standard immunosuppression assays in vitro, CD11b+ 
Ly6Chigh monocytic cells isolated from alloskin-grafted Lyzs-mTOR KO mice showed poor immunosuppressive 
ability on T cell proliferation compared to those from WT recipients (P <  0.001, Fig. 2G). In consistent with the 
in vitro data, more CD4+ and CD8+ T cells in alloskin grafts in Lyzs-mTOR KO mice than those in WT recipients 
was observed (P <  0.05, Suppl. Fig. 9B). Thus, deletion of mTOR in myeloid cells selectively blocked the differen-
tiation of CD11b+ Ly6Chigh M-MDSC subpopulations in alloskin-transplanted mice. The poor CD11b+ Ly6Chigh 
M-MDSCs may be one of the reasons for the accelerated alloskin graft rejection in Lyzs-mTOR KO mice.

Figure 1.  RPM significantly decreases M-MDSCs in alloskin-grafted mice. Cells of spleens and draining 
lymph nodes (dLNs) from control and alloskin-grafted mice treated with or without RPM at day 7 after 
skin grafting were stained with anti-CD11b and anti-Gr-1 mAbs. (A) Typical example of flow cytometry 
analysis. The numbers in FACS plots were the percentages of CD11b+ Gr1+ cells in spleens and dLNs. (B) The 
percentages and total cell numbers of CD11b+ Gr-1+ cells in spleens and dLNs from the four groups of mice 
are summarized. Splenocytes were stained with anti-CD11b and anti-Ly6C antibodies. (C) Typical example of 
flow cytometry analysis. M-MDSCs were gated as CD11b+ Ly6Chigh cell subset and G-MDSCs were gated as 
CD11b+ Ly6Cmedium cell subset. The numbers in FACS plots were the percentages of cells in the indicated gate. 
The percentages (D) and cell numbers (E) of M-MDSCs and G-MDSCs in spleens from the four groups of mice 
as indicated. (F) Naive splenocytes (2 ×  105/well) were pre-labeled with CFSE and activated with anti-CD3  
(1μ g/ml) and anti-CD28 (5μ g/ml) mAbs in the presence of the freshly isolated CD11b+ Ly6Chi cells from 
spleens of recipients at the indicated ratios. Cells were co-cultured for 72 h, and CD4+ and CD8+ T cell 
proliferation was measured by CFSE dye dilution. Results are expressed as mean ±  SD. Each group included 
from 5 to 8 mice and minimum three independent experiments showed similar results. **p <  0.01, and 
***p <  0.001 compared between the indicated groups.
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Decreased tumor-induced MDSCs in mice with a myeloid-specific deletion of mTOR.  To inves-
tigate whether the essential role of mTOR in M-MDSC differentiation is limited in allo-graft transplantation 
settings alone or is a general phenomenon which occurs in other MDSC inducing situations such as tumors, we 
used tumor-bearing mouse models. RPM treatment obviously decreased CD11b+ Ly6Chigh monocytic cells in the 
peripheral blood and spleens of B16- or EL4-bearing B6 mice (Suppl. Fig. 10). Importantly, EL4 tumor growth 
is significantly slower in Lyzs-mTOR KO mice than in WT recipients (P <  0.01, Fig. 3A,B). The percentages of 
CD11b+ Ly6Chigh monocytic cells in the peripheral blood, spleens and tumor mass of Lyzs-mTOR KO mice were 
significantly lower than those in WT recipients (P <  0.001, Fig. 3C–F). Consistently, CD11b+ Ly6ChighLy6G− 
monocytic cells but not CD11b+ Ly6CmediumLy6G+ granulocytic cells in tumor-bearing Lyzs-mTOR KO mice 
were significantly less than in tumor-bearing WT mice (Suppl. Fig. 11). Functional assays showed that CD11b+ 
Ly6Chigh monocytic cells of tumor-bearing Lyzs-mTOR KO mice had significantly less immunosuppressive than 
those cells of WT recipients (P <  0.01, Fig. 3G, Suppl. Fig. 12). The poor immunosuppressive function of CD11b+ 
Ly6ChighLy6G− monocytic cells in tumor-bearing Lyzs-mTOR KO mice was indirectly supported by the increased 
infiltration of CD4+ and CD8+ T cells in the tumor tissue of Lyzs-mTOR KO mice compared with those in 
WT mice (Suppl. Fig. 13). Therefore, inhibition or deletion of mTOR in myeloid cells caused a defect CD11b+ 
Ly6ChighLy6G− M-MDSC differentiation in tumor-bearing recipients.

Figure 2.  Deletion of mTOR specifically in myeloid cells decreases M-MDSCs in mice after 
transplantation. (A) Age and gender matched WT and lyzs-mTOR KO mice were transplanted with allogeneic 
BALB/c tail skin and macroscopic pictures of alloskin grafts were collected at different time points. (B) Alloskin 
graft rejection in lyzs-mTOR KO recipients was significantly accelerated compared with WT recipients. The 
splenocytes, peripheral blood cells and draining lymph node cells of alloskin-grafted WT and Lyzs-MTOR KO 
recipients were isolated and analyzed by flow cytometry at day 7 after skin grafting. (C) The expression of IFN-
γ  and IL-2 proteins in gated CD4+ T cells and CD8+ T cells in draining lymph node of WT and lyzs-mTOR 
KO recipients as determined by intracellular staining. (D) The percentages of CD11b+ Ly6Chi M-MDSCs and 
CD11b+ Ly6Cmed G-MDSCs in peripheral blood of WT and lyzs-mTOR KO recipients. The percentages and cell 
numbers of CD11b+ Ly6Chi M-MDSCs and CD11b+ Ly6Cmed G-MDSCs in spleens (E) and dLNs (F) of WT and 
lyzs-mTOR KO recipients. (G) Isolated CD11b+ Ly6Chi cells from spleens of WT and lyzs-mTOR KO recipients 
at day 7 after skin grafting were added at different ratios in T cell proliferation system for 72 h. Proliferation 
was measured by CFSE dye dilution. The numbers in FACS plots represent the percentages of cells in the gates. 
Results are expressed as mean ±  SD. Each group included from 4 to 6 mice and at least three independent 
experiments showed similar results. **p <  0.01, and ***p <  0.001 compared between the indicated groups.
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RPM directly inhibits M-MDSC differentiation in vitro.  In order to further gain insight into the effects 
of mTOR on M-MDSCs, we used a standard MDSC induction culture system14. As shown in Fig. 4, RPM sig-
nificantly decreased the differentiation of CD11b+ Ly6Chigh M-MDSCs from bone marrow myeloid progenitors 
(P <  0.01, Fig. 4A). These RPM-treated CD11b+ Ly6Chigh monocytic cells failed to inhibit T cell proliferation and 
cytokine production in contrast to RPM-untreated CD11b+ Ly6Chigh monocytic cells which displayed efficient 
immunosuppression on CD4+ and CD8+ T cell proliferation and IFN-γ  expression in CD8+ T cells (P <  0.001, 
Fig. 4B,C, Suppl. Fig. 14). In consistent with the in vitro functional studies, the RPM-treated CD11b+ Ly6Chigh 
M-MDSCs did not delay but even accelerated skin graft rejection in a male skin→ female recipient model after 
adoptive transfer of the sorted CD11b+ Ly6Chigh monocytic cells into syngeneic female recipients (P <  0.05, 
Fig. 4D), whereas the adoptive transfer of the induced CD11b+ Ly6Chigh monocytic cells without RPM signifi-
cantly prolonged skin graft survival in the same model (P <  0.01, Fig. 4D), supporting that the GM-CSF-induced 
CD11b+ Ly6Chigh M-MDSCs had immunosuppressive ability to prevent graft rejection. The accelerated skin graft 
rejection by RPM-treated CD11b+ Ly6Chigh M-MDSCs is likely due to the increased inflammatory cytokines 
such as IL-12 and IL-1β  by these M-MDSCs (Suppl. Fig. 15). Furthermore, mTOR deletion in myeloid cells also 
decreased CD11b+ Ly6Chigh M-MDSC differentiation (Fig. 4E) and immunosuppressive function (Fig. 4F, Suppl. 
Fig. 16) as determined by the percentages and the inhibiting ability on T cell proliferation of M-MDSCs derived 
from either mTOR KO and WT bone marrow myeloid progenitors in the in vitro culture systems as described in 
the materials and methods. These data collectively indicate that mTOR is an intrinsic factor to control M-MDSC 
differentiation.

mTOR, composed of two distinct complexes, mTOR complex 1 (mTORC1) and mTORC2, has been studied 
extensively in a variety of biological systems30. mTORC1 is closely involved in translation initiation, autophagy 
inhibition and lipid biosynthesis, whereas mTORC2 promotes actin rearrangement and uptake of nutrients31. It 
is widely known that mTORC1 is sensitive to RPM and mTORC2 is somehow resistant to RPM. However, RPM 
acts on both mTORC1 and mTORC2 in some cases depending on the doses and the duration of RPM treat-
ment32. To see whether mTORC2 pathway is involved in the induction of M-MDSCs, we employed mice with a 
myeloid-specific deficiency of rictor (Lyzs-rictor KO) that is a key component of mTORC233 and compared the 
levels of CD11b+ Ly6Chigh M-MDSC subpopulation in WT mice and Lyzs-rictor KO mice after alloskin grafting. 

Figure 3.  Decreased tumor-induced MDSCs in mice with a myeloid-specific deletion of mTOR. WT and 
lyzs-mTOR KO mice with the same age and gender were injected s.c. with 1.5 ×  106 EL4 lymphoma.  
(A) Macroscopic pictures of implanted tumor in WT and lyzs-mTOR KO mice at day 10 after implantation.  
(B) The tumor size was measured from day 5 to day 15, when tumors reached a maximum. (C) The 
representative of CD11b and Ly6G staining of white blood cells. (D) The percentages of CD11b+ Ly6Chi 
M-MDSCs and CD11b+ Ly6Cmed G-MDSCs in peripheral blood of WT and lyzs-mTOR KO mice at day 5 and 
day 10 after tumor grafting. (E) The representative of CD11b and Ly6G staining of cells isolated from spleens 
and tumors. (F) The percentages of CD11b+ Ly6Chi M-MDSCs and CD11b+ Ly6Cmed G-MDSCs in spleens and 
tumor mass of WT and lyzs-mTOR KO mice at day 10 after tumor implantation. (G) Isolated CD11b+ Ly6Chi 
cells from spleens of WT and lyzs-mTOR KO mice at day 10 after tumor grafting were added at different ratios 
in T cell proliferation system for 72h. Cell proliferation was measured by CFSE dye dilution. The numbers in 
FACS plots represent the percentages of cells in the gates. Results are expressed as mean ±  SD. Each group 
included from 6 to 8 mice and minimum three independent experiments showed similar results. **p <  0.01, and 
***p <  0.001 compared between the indicated groups.
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There was no significant difference for the percentages of CD11b+ Ly6Chigh monocytic cells in the spleens of 
these mice at 7 days after grafting (Fig. 4G). The induced M-MDSCs from Lyzs-rictor KO and WT bone marrow 
cells have similar immunosuppressive ability on T cell proliferation and produced similar levels of NO as WT 
M-MDSCs of skin-grafted mice (Suppl. Fig. 17). These studies indicate that mTORC2 may not participate in the 
regulation on M-MDSC differentiation. Based on these in vitro and in vivo data, we conclude that RPM inhibits 
M-MDSC differentiation mainly through the mTORC1 pathway but not mTORC2 pathway.

RPM blocks MDSC immunosuppressive function via iNOS pathway.  It is reported that MDSCs 
inhibit T cell function via multiple pathways including up-regulation of iNOS, Arg-1, HO-1, IDO, NOX2 and 
TGF-β 34,35. We thus detected these gene expressions in GM-CSF-induced CD11b+ Ly6Chigh M-MDSCs in the 
presence and absence of RPM by real-time PCR as described in methods. The presence of RPM dramatically 
inhibited iNOS and Arg-1 expressions in M-MDSCs by about 80%, whereas RPM slightly but significantly 
decreased HO-1, IDO, and NOX2 expressions in these cells (P <  0.05, Fig. 5A). Alloskin grafting promoted iNOS 
and Arg-1 mRNA expression in sorted splenic CD11b+ Ly6Chigh M-MDSCs as determined by real-time PCR 
(Fig. 5B). The up-regulated iNOS expression in splenic CD11b+ Ly6Chigh M-MDSCs of alloskin-grafted mice was 

Figure 4.  RPM directly inhibits M-MDSC differentiation in vitro. MDSCs induced from BM cells by 
GM-CSF with or without 1 μ M RPM for 4 days in vitro. (A) Left panel: typical example of flow cytometry 
analysis. Ly6ChiLy6G− cells were defined as M-MDSCs and Ly6CmedLy6G+ cells as G-MDSCs. Right panel: 
the percentage of M-MDSCs and G-MDSCs. (B) T cell proliferation in the presence of the sorted CD11b+ 
Ly6ChiLy6G− M-MDSCs and CD11b+ Ly6CmedLy6G+ G-MDSCs was measured by CFSE dye dilution.  
(C) Sorted CD11b+ Ly6ChiLy6G− M-MDSCs after GM-CSF and RPM induction added to T cells proliferation 
system for 72 h. PMA (50 ng/ml), ionomycin (750 ng/ml) and GolgiStop were added in the last 6 hrs. The 
percentage of IFN-γ + CD8+ T cells is shown. (D) Adoptive transfer of GM-CSF-induced CD11b+ Ly6Chigh cells 
improves graft survival while GM-CSF +  RPM-induced CD11b+ Ly6Chigh cells accelerated skin graft rejection 
in a male skin→ female mouse model. Male C57BL/6 skin grafts were transplanted onto female C57BL/6 
recipients (n =  10, white circles) or recipients transferred with 5 ×  106 CD11b+ Ly6ChiLy6G− cells induced by 
GM-CSF (n =  12, black circle) or GM-CSF with RPM (n =  8, triangles) at days 0 and 7. (E) The percentages of 
M-MDSCs and G-MDSCs induced from WT or Lyzs-mTOR KO BM cells by GM-CSF. (F) The effects of the 
sorted CD11b+ Ly6ChiLy6G− M-MDSCs induced from WT or Lyzs-mTOR KO BM cells on T cell proliferation 
were measured by CFSE dye dilution. (G) The percentages of M-MDSCs induced from WT or Lyzs-rictor KO 
BM cells by GM-CSF for 4 days. The numbers in FACS plots represent the percentages of cells in the gates. 
Results are expressed as mean ±  SD. Three independent experiments with similar results were done. **p <  0.01, 
and ***p <  0.001 for comparison between the indicated groups.



www.nature.com/scientificreports/

7Scientific Reports | 6:20250 | DOI: 10.1038/srep20250

also observed by intracellular staining flow cytometry assays (P <  0.001, Fig. 5C). RPM therapy almost completely 
blocked the alloskin grafts-promoted up-regulation of iNOS in these cells (P <  0.001, Fig. 5C). Similar to the 
alterations in allogeneic transplant models, The iNOS expression in the splenic CD11b+ Ly6Chigh M-MDSCs of 
alloskin-grafted or tumor-bearing Lyzs-mTOR KO recipients were significantly decreased than WT recipients as 
detected by flow cytometry (P <  0.001, Fig. 5D). Furthermore, the concentrations of NO in the culture medium 
and the Arg activity in the CD11b+ Ly6Chigh M-MDSCs were detected after co-culture of the induced M-MDSCs 
with T cells as performed for the immunosuppression assays. These results showed that RPM pre-treatment sig-
nificantly blocked the iNOS and Arg activities in GM-CSF-induced CD11b+ Ly6Chigh M-MDSCs in the co-culture 
system (P <  0.001, Fig. 5E).

To determine whether NO production is essential for GM-CSF-induced CD11b+ Ly6Chigh M-MDSCs to medi-
ate its immunosuppressive function, we blocked NO production by adding a specific iNOS inhibitor, L-NMMA 
(2 mM as reported previously36) into the in vitro MDSC function assay system as described in the materials and 
methods section. 2 mM L-NMMA almost completely blocked NO production by M-MDSCs in the culture system 
as evidenced by NO levels in the culture medium (Suppl. Fig. 18). L-NMMA efficiently blocked the immuno-
suppressive effects of CD11b+ Ly6Chigh M-MDSCs on T cell proliferation (P <  0.001, Fig. 5F). NO generation is 
catalyzed by inducible nitric oxide synthase (iNOS) converting arginine into citrulline and NO. However, Arg 
inhibitor fails to show the remarkable blockage on the inhibitory effect on T cell proliferation of CD11b+ Ly6Chigh 

Figure 5.  RPM blocks MDSC immunosuppressive function via iNOS pathway. (A) CD11b+ Ly6ChighLy6G− 
M-MDSCs were sorted from GM-CSF-induced MDSCs with or without RPM and added into T cell 
proliferation system at 1:1 ratio for 72h. Then, the added CD11b+ cells in culture were sorted again and the 
mRNA expression of indicated genes were determined by real-time PCR. iNOS and Arg1 mRNA expression  
(B) and iNOS protein expression (C) in CD11b+ Ly6ChighLy6G− M-MDSCs isolated from spleens of control 
mice, RPM treated mice, alloskin-grafted mice and RPM treated alloskin-grafted mice at day 7. (D) iNOS 
protein expression in CD11b+ Ly6ChighLy6G− M-MDSCs in spleens of alloskin-grafted or tumor-loaded WT 
and lyzs-mTOR KO mice. (E) Nitrite concentration and arginase activity in the in vitro T cell suppression assays 
were measured as described in the materials and methods. Experiments were performed in triplicates. (F) 2 mM 
NG-monomethyl-L-arginine (L-NMMA) was added in the immunosuppression assay to see the involvement of 
NO in M-MDSC-mediated immunosuppression. (G) For addition experiments, L-arginine (2 mM) was added 
in the immunosuppression assays to see whether depletion of L-arginine in the medium caused by M-MDSCs 
is involved in the immunosuppressive process. The numbers in FACS plots represent the percentages of cells 
in the gates. Results are expressed as mean ±  SD. Three independent experiments showing similar results were 
performed. **p <  0.01, and ***p <  0.001 compared between the indicated groups.
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M-MDSCs, although a slightly reversed effect of Arg inhibitor on the immunosuppressive function of M-MDSCs 
were detected in certain conditions (Suppl. Fig. 19). To see whether arginine depletion of the culture medium 
caused by increased iNOS and Arg-1 activities of M-MDSCs contributes to the immunosuppressive effect of 
CD11b+ Ly6Chigh M-MDSCs on T cell responses, we added more L-arginine (2 mM) to the culture system. 
Additional supplement of arginine significantly reversed the inhibiting effects of CD11b+ Ly6Chigh M-MDSCs 
on T cell proliferation (P <  0.001, Fig. 5G), indicating that the possible depleting arginine caused by increased 
iNOS/Arg1 activities in CD11b+ Ly6Chigh M-MDSCs is likely to be the key reason for the immunosuppression 
of M-MDSCs induced in the present system. Thus, these data support the conclusion that inhibition on iNOS 
and Arg-1 by RPM or mTOR deletion is a key pathway for the poor immunosuppressive ability of RPM-treated 
CD11b+ Ly6Chigh M-MDSCs.

mTOR controls M-MDSC differentiation through mastering cellular metabolism.  In order to 
understand why RPM decreases M-MDSC differentiation from its precursors, we detected the cell proliferation 
and cell death ratio during MDSC induction in vitro. RPM treatment did not remarkably alter cell proliferation 
and cell death of CD11b+ Ly6Chigh cells during M-MDSC induction (Suppl. Fig. 20), excluding the possibility that 
the changed cell proliferation and death contribute to the poor M-MDSC differentiation caused by RPM treat-
ment. However, it causes our great caution that the culture medium of bone marrow MDSCs induction system 
is susceptible to change the color to be yellow and the presence of RPM obviously blocked this process (Fig. 6A), 
indicating that high glycolysis may occur during MDSC differentiation from bone marrow cells in vitro. This 
speculation is confirmed by the biochemical assays showing that RPM treatment significantly decreased glucose 
uptake and lactate production during MDSC induction in vitro (P <  0.001, Fig. 6B). RPM or mTOR deletion also 
decreased glucose uptake of splenic CD11b+ Ly6Chigh M-MDSCs isolated from alloskin-grafted mice (P <  0.001, 
Fig. 6C,D). Importantly, bone marrow Lin− cells and CD11b+ Ly6Chigh cells displayed a decreased glucose uptake 
when alloskin-grafted mice were treated with RPM compared with these cells of RPM-untreated alloskin-grafted 
mice (P <  0.01, Fig. 6E). In addition to glucose transport 1 (Glut1) that serves as plasma membrane transporters 
for glucose uptake, a panel of key enzymes are involved in the spectrum of the glycolytic pathway for cellular 
glucose utilization to generate lactate and ATP molecules (Fig. 6F). Real-time PCR analyses revealed that RPM 
markedly down-regulated these genes encoding glycolysis-related molecules, including the transporter Glut1 
and glycolytic enzymes hexokinase 2 (HK2), phosphofructokinase 1 (PFK1), pyruvate kinase muscle (PKM), 
and LDHA (lactate dehydrogenase-α ) in the sorted GM-CSF-induced CD11b+ Ly6Chigh M-MDSCs (Fig. 6G). In 
agreement with the in vitro results, RPM treatment also significantly decreased HK, PFK1, PKM, and LDHA gene 
expression in CD11b+ Ly6Chigh M-MDSCs in alloskin-grafted mice (Fig. 6H). These data collectively indicate that 
RPM significantly blocks the glycolytic pathway during M-MDSC induction in vitro and in vivo.

To directly test the importance of the metabolic reprogramming in M-MDSC differentiation, we induced 
M-MDSC differentiation from bone marrow cells in the presence or absence of 2-DG, a prototypical inhibitor 
of the glycolytic pathway via blocking hexokinase, the first rate-limiting enzyme of glycolysis. A low dose of 
2-DG treatment results in a significantly decreased differentiation of CD11b+ Ly6Chigh M-MDSCs as RPM does 
(P <  0.001, Fig. 6I). In parallel, the iNOS expression and the inhibitory ability of CD11b+ Ly6Chigh M-MDSCs are 
also decreased when 2-DG exists during M-MDSC differentiation (P <  0.01, Fig. 6J,K). These data indicate that 
glycolytic pathway is required for M-MDSC differentiation from bone marrow precursors.

Metformin is widely used for treating diabetes mellitus for many years37,38. In contrast to 2-DG, metformin 
increases glucose uptake and glycolysis through 5′ -AMP-activated protein kinase (AMPK)-dependent and 
independent pathways39–42. Thus, we asked whether metformin impacts on M-MDSCs in an opposite way as 
2-DG and can rescue the inhibitory action of RPM on M-MDSCs. As shown in Fig. 7, metformin significantly 
increased glucose uptake and LDHA expression in GM-CSF-induced CD11b+ Ly6Chigh M-MDSCs (P <  0.01, 
Fig. 7A). It also significantly reversed the RPM-reduced glucose uptake and LDHA expression during M-MDSC 
induction (P <  0.001, Fig. 7A,B). Importantly, metformin treatment almost completely rescued the inhibitory 
effect of RPM on the differentiation of CD11b+ Ly6Chigh M-MDSCs as evidenced by the recovered percentages 
(P <  0.01, Fig. 7C), and cell numbers (P <  0.01, Fig. 7D) of CD11b+ Ly6Chigh M-MDSCs. In addition, met-
formin also improved the iNOS expression (P <  0.001, Fig. 7E) and partially the immunosuppressive function 
in vitro (P <  0.01, Fig. 7F) of RPM-treated M-MDSCs. Furthermore, metformin treatment significantly delayed 
alloskin graft rejection in Lyzs-mTOR KO recipients (Fig. 7G). Thus, all these data collectively support that 
mTOR-dependent glycolytic pathway is closely required for the differentiation of CD11b+ Ly6Chigh M-MDSCs 
from bone marrow precursors.

Discussion
Our present data demonstrate that RPM significantly inhibits M-MDSC differentiation and immunosuppressive 
function in recipients with allo-grafts or tumors. mTOR-deficiency in myeloid cells causes a significantly accel-
erated rejections of alloskin and tumor grafts in mice, due to the decreased cell number and the defect immu-
nosuppressive ability of CD11b+ Ly6Chigh M-MDSCs. RPM blocks CD11b+ Ly6Chigh M-MDSC differentiation 
from its precursors through inhibiting glycolysis. Thus, we conclude that mTOR is an intrinsic regulator for 
the differentiation and function of immunosuppressive CD11b+ Ly6Chigh M-MDSCs in mice transplanted with 
allo-grafts and tumors through controlling cellular metabolism. The decreased CD11b+ Ly6Chigh M-MDSCs may 
contribute to the clinical anti-tumor action of RPM treatment, which offers new cellular mechanisms for RPM to 
treat cancers in addition to its direct inhibitory effects on tumor cells. On the other hand, the inhibitory effects 
of RPM on M-MDSCs may potentially block M-MDSC-mediated immune tolerance induction in allogeneic 
transplant recipients.
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RPM, a specific mTOR inhibitor, is widely used in clinics to prevent allograft rejection. However, the usage 
of RPM in kidney transplantation is challenging due to the frequent occurrence of various side effects includ-
ing inflammatory manifestations such as pneumonitis, glomerulonephritis or chronic inflammatory anaemia22. 
Proteinuria, which is another frequently observed side effect in patients treated with mTOR inhibitors, seems to 
originate from the activation of the innate immune system43. The pro-inflammatory effects of RPM are recently 
supported by the immunological analysis of kidney transplant patients as well as in experimental animal mod-
els24,25,44,45. In the present study, we find that RPM or mTOR deletion causes the deficiency of immunosuppressive 
CD11b+ Ly6Chigh M-MDSCs in transplant and tumor-bearing mouse models. The involvement of MDSCs in 
transplantation and tumors has well been demonstrated in various models2,46,47. Our results show that mTOR 
deficiency in myeloid cells by either immunosuppressant drug RPM or genetic deletion significantly decreased 
both CD11b+ Ly6Chigh M-MDSC cell numbers and the later inhibitory effects on the immunity against allo-grafts 
and tumors. The poor immunosuppressive ability and the enhanced inflammatory function of CD11b+ Ly6Chigh 
M-MDSCs likely contribute to the accelerated alloskin and tumor graft rejection in mTOR KO recipients. 

Figure 6.  mTOR controls M-MDSC differentiation through mastering cellular metabolism. MDSCs 
induced from bone marrow cells after 4 days of culture in the presence of 40 ng/ml recombinant mouse GM-
CSF with or without 1 μ M RPM. (A) The macroscopic pictures of cell culture. (B) Lactate production and 
glucose uptake of M-MDSCs. (C) Glucose uptake of M-MDSCs isolated from spleens of control mice, RPM-
treated mice, alloskin-grafted mice and RPM-treated alloskin-grafted mice at day 7 post transplantation.  
(D) Glucose uptake of M-MDSCs isolated from spleens of alloskin-grafted WT and lyzs-mTOR KO mice at day 
7 after skin grafting. (E) Glucose uptake of Lin− cells isolated from bone marrows of alloskin-grafted mice and 
RPM-treated alloskin-grafted mice at day 7 after skin grafting. (F) Schematic representation of the important 
genes (red) involved in the glycolysis pathway. (G) Some key genes involved in the glycolysis were detected in 
GM-CSF-induced M-MDSCs (white bars) and GM-CSF +  RPM-induced M-MDSCs (yellow bars) by real-time 
PCR. (H) Some genes involved in the glycolysis process were detected in M-MDSCs isolated from spleens of 
control mice, RPM-treated mice, alloskin-grafted mice and RPM-treated alloskin-grafted mice at day 7 after 
skin grafting. MDSCs were induced from bone marrow cells after 4 days of culture in the presence of 40 ng/
ml recombinant mouse GM-CSF, GM-CSF +  1 μ M RPM or GM-CSF +  1.5 mM 2-DG. (I) Percentages and cell 
numbers of CD11b+ Ly6ChighLy6G− M-MDSCs in these three groups were analyzed. The numbers in FACS 
plots represent the percentages of cells in the gates. (J) iNOS mRNA expressions of CD11b+ Ly6ChighLy6G− 
M-MDSCs were determined by real-time PCR. (K) Sorted CD11b+ Ly6ChighLy6G− M-MDSCs from different 
induction groups were assayed for their immunosuppressive ability. Results are expressed as mean ±  SD (N =  4). 
More than two independent experiments showing similar results were done. **p <  0.01, and ***p <  0.001 for 
comparison between the indicated groups.
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Blocking iNOS pathways markedly reversed the immunosuppressive effect of CD11b+ Ly6Chigh M-MDSCs on T 
cell response, indicating that iNOS pathway is one of the major pathways for CD11b+ Ly6Chigh M-MDSCs to pro-
cess immunosuppression in these models as reported previously14. In contrast, mTOR-deficient CD11b+ Ly6Chigh 
M-MDSCs expressed low level of iNOS and Arg-1, which subsequently cause the poor immunosuppression of 
M-MDSCs. Therefore, RPM down-regulates host immunity via directly inhibiting T cell immune response and 
simultaneously promotes host inflammatory response by inhibiting immunosuppressive M-MDSCs.

mTOR is evolutionary conserved signaling molecules modulating the sensing of cellular metabolic state and 
directing the cell functional fate48. mTOR forms two distinct multi-protein complexes, mTORC1 and mTORC2. 
mTORC1 is regarded as a master regulator of cell growth and metabolism49. Recent evidence supports an impor-
tant cross-talk between immune system and cellular metabolic regulation, bringing into the spotlight an unex-
pected layer of metabolic regulation of immune system. Activation of the inflammatory response is accompanied 
by a metabolic shift to aerobic glycolysis50,51. Although aerobic glycolysis produces less ATP per glucose mol-
ecule compare to tricarboxylic acid cycle, less enzymatic steps are involved so that it can be easier enhanced 
and more ATP could be produced in a short time. Thus, aerobic glycolysis is very important to meet energy 
needs for activated immune cells52. Besides regulating immune cell function, glycolysis also regulates certain 
immune cell lineage development, such as mTORC1-dependent metabolic pathways program DC lineage devel-
opment53. We herein found that mTORC1-dependent glycolysis is critical for the lineage commitment of CD11b+ 

Figure 7.  Enhancement of glycolysis by metformin partially rescues the phenotype and function of 
mTOR-deficient M-MDSCs. MDSCs induced from bone marrow cells after 4 days of culture in the presence 
of 40 ng/ml recombinant mouse GM-CSF or GM-CSF +  RPM(1 μ M) or GM-CSF +  metformin(2 mM) or GM-
CSF +  RPM(1 μ M) +  metformin(2 mM). Glucose uptake (A) and LDHA mRNA expression (B) of M-MDSCs 
from these four induction groups were determined. The percentages (C), and the cell numbers  
(D) of M-MDSCs from the four induction groups. The numbers in FACS plots represent the percentages of cells 
in the gates. (E) Metformin rescues the RPM-decreased iNOS mRNA expression in M-MDSCs. (F) Metformin 
significantly rescues the RPM-decreased immunosuppression on T cells of M-MDSCs. Results are expressed 
as mean ±  SD of triplicates. Three independent experiments with identical results were done. **p <  0.01, and 
***p <  0.001 for comparison between the indicated groups. (G) BALB/c tail skin were transplanted onto WT 
or lyzs-mTOR KO mice and recipients treated with Metformin at dose of 150 mg/kg from day 0 to day 7 after 
skin grafting. Macroscopic pictures of alloskin grafts were collected at different time points (left panel). Graft 
survival rates were compared by the log-rank test (right panel). Six to 8 mice in each group were performed. 
**p <  0.01, and ***p <  0.001 compared between the indicated groups.
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Ly6ChighM-MDSCs but not CD11b+ Ly6Cmedium G-MDSCs. This conclusion is supported by the following obser-
vations: 1) mTOR inhibition or deletion significantly decreased glycolysis during MDSC differentiation as evi-
denced by the lower glucose uptake and glycolysis-related enzymes like HK1, HK2, PFK1, PKM2 and LDHA. 
2) 2-DG, a prototypical inhibitor of the glycolytic pathway through blocking hexokinase, significantly inhibits 
CD11b+ Ly6Chigh M-MDSC development from bone marrow as RPM does. 3) Metformin, an enhancer of the 
glycolytic pathway, significantly enhances CD11b+ Ly6Chigh M-MDSC differentiation and remarkably rescues 
RPM-mediated poor differentiation of MDSCs in vitro and in vivo. On the other hand, mTORC2 deficiency failed 
to cause significant impacts on CD11b+ Ly6Chigh M-MDSCs in respect of differentiation and function. Therefore, 
RPM inhibits M-MDSC differentiation from bone marrow precursors mainly through mTORC1-dependent gly-
colysis pathway.

Metformin has become a mainstay in the modest therapeutic armamentarium for the treatment of the insulin 
resistance of type 2 diabetes mellitus54. The primary cellular target for metformin is complex I of mitochondrial 
oxidative phosphorylation and leads to a reduction in energy charge. A decrease in energy charge significantly 
activates glycolysis by releasing ATP-mediated inhibition of L-type pyruvate kinase and phosphofructokinase55,56. 
In our studies, we observed that the alloskin graft rejection was significantly delayed when Lyzs-mTOR KO recipi-
ents were treated with metformin. This result suggested that the glycolysis of innate immune cells was very impor-
tant for graft rejection. Additionally, metformin significantly increased the production and function of CD11b+ 
Ly6Chigh M-MDSCs during M-MDSC induction in vitro. This result is in accordance with a recent report show-
ing that metformin attenuates PMA-induced monocyte-to-macrophage differentiation and pro-inflammatory 
cytokines production57. These results indicate that increasing glycolysis may inhibit monocyte maturation and 
increase immature CD11b+ Ly6Chigh M-MDSC development. It is speculated that the increased M-MDSCs by 
metformin treatment in diabetes patients may be beneficial for the host to prevent the pathogenesis of inflamma-
tory complicates in addition to controlling blood sugar levels.

In the present study, we used Lysz-Cre strategy to delete mTOR in monocytes/macrophages. mTOR was effi-
ciently deleted in monocytes/macrophages and granulocytes as determined by real-time PCR, western blots and 
mTOR activity indicated by p-S6. On the other hand, Lyzs was mainly expressed in CD11b+ Ly6Chigh/medium cells, 
whereas almost no CD11b+ CD11c+ dendritic cells express Lyzs, as determined by Lyzs-GFP reporter mice. 
However, it should be pointed out that Lyzs-Cre may not be expressed in an identical manner to Lyzs-GFP 
reporter. The deletion of mTOR in CD11c+ dendritic cells in Lysz-mTOR KO mice needs to be further clarified.

In summary, mTORC1 intrinsically controls the immunosuppressive CD11b+ Ly6Chigh M-MDSC maturation 
and function by mediating cellular glycolysis activity. RPM and 2-DG treatments significantly decrease CD11b+ 
Ly6Chigh M-MDSCs respectively by blocking glycolysis; in contrast, metformin significantly increases CD11b+ 
Ly6Chigh M-MDSCs by enhancing glycolysis (Suppl. Fig. 21). Additional insights into the control of MDSC differ-
entiation by cellular metabolism will facilitate the application of MDSCs to treat immune disorders and help us to 
use these cellular metabolism-relevant agents to modify host inflammation in purpose.

Materials and Methods
Mice.  BALB/c, C57BL/6 (B6) were purchased from the Beijing Laboratory Animal Research Center (Beijing, 
China). The myeloid -specific mTOR conditional knockout mice (LyzsCre-mTORloxp/loxp) and myeloid cell-spe-
cific rictor conditional knockout mice (LyzsCre-rictorloxp/loxp) under C57BL/6 genetic background were obtained 
by crossing mTORloxp/loxp mice and rictorloxp/loxp mice with mice expressing Cre recombinase under the control 
of the Lysozyme promoter (Lyzs-Cre) respectively25,33. Lyzs-Cre-negative, mTORloxp/loxp littermates served as the 
wild-type (WT) control. Six-to-8-week-old mice (male and female) were usually used for the in vitro experiments. 
mTORloxp/loxp mice were kindly provided by Dr Zhongzhou Yang from Center of Model Animal Research at 
Nanjing University, China. Lyzs-Cre mice were kindly offered by Dr. Lianfeng Zhang, Key Laboratory of Human 
Diseases Comparative Medicine, Ministry of Health; Institute of Laboratory Animal Science, CAMS & PUMC. 
Primers used to identify genetically modified mice are described previously25,33. All animal experiments were 
performed in accordance with the institutional guidelines and approval of the Animal Ethics Committee of the 
Institute of Zoology, Beijing, China.

Mouse model of acute alloskin graft rejection.  For acute alloskin rejection model, tail skin from 
BALB/c mice were transplanted into recipients and the judgment of the end point of rejection as described previ-
ously14. Photographs were taken daily with a digital camera (Canon Powershot A640; Canon, Tokyo, Japan) until 
the graft was rejected completely.

Chronic skin graft rejection mouse model and adoptive transfer of MDSCs.  Adoptive transfer of 
MDSCs in the chronic skin rejection mouse model was performed as reported previously58. Briefly, male C57BL/6 
skin grafts were transplanted onto untreated female C57BL/6 recipients. In some cases, recipients were i.v trans-
ferred with 5 ×  106 sorted CD11b+ Ly6ChighLy6G− M-MDSCs which derived from C57BL/6 bone marrow cells in 
the presence of GM-CSF and/or RPM at day 0 and day 7. Graft survival rates were compared by the log-rank test.

Tumor-bearing mouse model.  WT and lyzs-mTOR KO mice with the same age and sex were injected 
s.c. with 1.5 ×  106 EL4 lymphoma. The tumor size was measured from day 5 to day 15, when tumors reached a 
maximum.

Drug treatment.  C57BL/6 recipients were transplanted with alloskin grafts and intraperitoneally adminis-
tered with RPM at a dose of 1.5 mg/kg from day − 3 to day 719. WT and Lyzs-mTOR KO mice were transplanted 
with alloskin grafts and intraperitoneally administered with Metformin (PHR1084, sigma) at a dose of 150 mg/kg  
from day 0 to day 7.
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Detection of anti-donor Abs in the serum.  The anti-donor alloreactive Abs in the sera of BALB/c 
skin-grafted C57BL/6 mice were measured by flow cytometry. Briefly, 5 ×  105 BALB/c splenocytes were used as 
target cells and incubated for 30 min at 4 °C with either negative control serum (unimmunized mice, diluted 1:10) 
or with the recipient’s sera (diluted 1:10). Then, the cells were washed three times and incubated with optimal 
concentrations of FITC-conjugated goat anti-mouse IgG and IgG2b Abs (Santa Cruz Biotechnology) respectively 
for 30 min at 4 °C in the dark. Samples were assayed by flow cytometry. Results were expressed as the mean fluo-
rescence intensity of stained cells subtracted by the mean fluorescence intensity of cells incubated with negative 
control serum and FITC-labeled secondary Abs.

Isolation and induction of MDSCs.  CD11b+ Ly6Chigh (M-MDSCs) and CD11b+ Ly6Cmedium (G-MDSCs) 
cells were isolated from spleens and bone marrow of alloskin-transplanted mice or tumor-bearing mice using cell 
sorter of MoFlo XDP (Beckman Coulter). The purity of cell populations was > 99%. For in vitro induction, bone 
marrow cells were prepared as described previously14. The method of MDSC induction from bone marrow cells 
is done according to the paper reported previously58. Briefly, 4 ×  106 bone marrow cells per well were cultured in 
a 6-well plate, in 2 ml of medium for each well supplemented with 40 ng/ml mouse recombinant GM-CSF and 
1uM RPM (Sigma-Aldrich, dissolved in DMSO). For the experiments with metformin or 2-deoxyglucose (2-DG, 
Sigma-Aldrich), 2 mM metformin or 1.5 mM 2-DG was added in culture at day 0. Cells were maintained at 37 °C, 
5% CO2 for 4 days and then two population-CD11b+ Ly6Chigh (M-MDSCs) and CD11b+ Ly6Cmedium (G-MDSCs) 
cells are sorted for immunosuppressive functional assay. Cell culture medium was DMEM supplemented with 
2 mM L-glutamine, 20 μ M 2-ME, penicillin (100 U/ml), streptomycin (0.1 mg/ml), and 10% heat inactivated FBS.

Assays for the suppression on T cells of M-MDSCs.  Spleen cells from C57BL/6 mice were labeled with 
CFSE (Invitrogen) according to the manufacturer’s instructions. 2 ×  105/well CFSE-labeled spleen cells were stim-
ulated with coated 1μ g/ml anti-CD3 and 5 μ g/ml soluble anti-CD28 mAbs for 3 days and co-cultured at the indi-
cated ratios with sorted M-MDSCs or G-MDSCs in 96 flat bottom well plates14. After 3 days, cells were stained 
with CD4 and CD8 (BD pharmingen), and CFSE signal of gated CD4+ and CD8+ lymphocytes was analyzed 
respectively. The extent of cell proliferation was quantified by ModFit LT software V3.0 (Verity Software House, 
Inc.) The culture medium consisted of RPMI 1640 medium supplemented with L-glutamine (2 mM), penicillin 
(100 U/ml), streptomycin (0.1 mg/ml), 2-ME (50 μ M), and 10% heat-inactivated FBS. For experiments which 
examined the effect of NO and arginase, 2 mM NG-monomethyl-L-arginine (L-NMMA; Sigma-Aldrich) or 1 mM 
nor-NOHA (Calbiochem, San Diego, CA) were added at the beginning of the culture as reported previously14. 
For L-arginine addition experiment, we use custom-formulated Advanced RPMI 1640 (GIBCO, Invitrogen) with 
L-arginine at 150 μ M and L-arginine (2 mM) was added to the culture system.

Isolation of infiltrated cells in alloskin grafts and transplanted tumors.  Skin grafts at day 7 and 
tumor at day 10 were retrieved and minced into small pieces with a scalpel and then digested for 1 h at 37 °C in 
RPMI 1640 medium containing 30 U/ml collagenase (type IV; Sigma-Aldrich). Collagenase pretreated tissues 
were then ground with the plunger of a 5-ml disposable syringe and passed through a 70 μ m nylon cell strainer. 
Cells were collected after centrifugation at 300 ×  g for 10 min and re-suspended in FACS staining buffer for cell 
surface marker staining as described below.

Cell isolation and flow cytometry analysis.  Bone marrow cells, splenocytes, peripheral white blood 
cells and draining lymph node cells were prepared as described previously59. For isolation of infiltrated cells in 
alloskin grafts and transplanted tumor, skin grafts at day 7 and tumor at day 10 were retrieved and minced into 
small pieces with a scalpel and then digested for 1 h at 37 °C in RPMI 1640 medium containing 30 U/ml colla-
genase (type IV; Sigma-Aldrich). Collagenase pretreated tissues were then ground with the plunger of a 5-ml 
disposable syringe and passed through a 70 μ m nylon cell strainer. Cells were collected after centrifugation at 
300 ×  g for 10 min and re-suspended in FACS staining buffer for cell surface marker staining. Cells were stained 
with optimized Ab dilutions. For surface marker staining, the following Ab–fluorochrome combinations were 
used: PE-Cy5–anti-mCD11b (M1/70), PE or PE-Cy5–anti-mGr1 (RB6-8C5), PE or FITC–anti-mLy6C (AL-21), 
PE–anti-mLy6G (1A8), PE-Cy5–anti-mCD4 (RM4-5), PE or FITC–anti-mCD8a (53-6.7). For Intracellular iNOS 
and cytokine staining, FITC–anti-miNOS (6/iNOS/NOS TypeII), PE–anti-mIFN-γ  (XMG1.2) mAb and PE–
anti-mIL-2 (JES6-5H4) mAb were used and the method was previously described14,60. Abs were purchased from 
eBioscience, BioLegend, or BD Pharmingen. Samples were analyzed on a Beckman Coulter Epics XL benchtop 
FCM (Beckman Coulter) with FlowJo (Tree Star, San Carlos, CA) software.

Quantitative PCR analysis.  Total RNA was isolated with TRIzol (Invitrogen, Carlsbad, CA) and contam-
inating DNA was removed by on-column treatment with RNase-free DNase (Qiagen). Reverse transcription 
was performed with M-MLV superscript reverse transcriptase according to the manufacturer’s instructions61. 
Real-time PCR was performed using multiple kits (SYBR Premix Ex TaqTM, DRR041A, Takara Bio) on CFX96 
(Bio-Rad). The primers used in the present study are listed in Table 1. The mRNA expression levels of each gene 
were normalized to the expression level of the housekeeping gene hypoxanthine phosphoribosyl transferase.

Detection of NO in cell culture medium.  After incubating equal volumes of culture supernatants or serum 
(100 μ l) with Greiss reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% N-1-naphthylethylenediamine 
dihydrochloride in double-distilled water) at room temperature for 10 min, the absorbance at 550 nm was meas-
ured using a microplate reader (Bio-Rad)14. Nitrite concentrations were determined by comparing the absorbance 
values for the test samples to a standard curve generated by serial dilution of 0.25 mM sodium nitrite.
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Arginase activity assay.  Arginase assay was described previously25. Briefly, 106 cells were mixed with 100 μ l 
of 0.1% Triton X-100. After 30 mins of incubation on a shaker, 100 μ l of 25 mM Tris-HCl and 20 μ l of 10 mM 
MnCl2 were added to the sample. The arginase was then activated by heating the sample for 10 mins at 56 °C, and 
arginine hydrolysis was conducted by incubating the sample with 100 μ l of 0.5 M L-arginine (pH 9.7) at 37 °C 
for 60–120 mins. The reaction was stopped with 900 μ l of H2SO4 (96%)/H3PO4 (85%)/H2O, and the sample was 
mixed with 40 μ l of 9% isonitrosopropiophenone. Absorbance was read at 540nm in a microplate reader. All 
samples were read in triplicate.

Glucose uptake assay.  The glucose uptake by M-MDSCs was determined by glucose uptake fluoromet-
ric assay kit (MAK084, Sigma-Aldrich). Briefly, sorted M-MDSCs were seeded at 1 ×  105 cells/well in a 96 well 
plate, and starved in 100 μ l of serum-free medium for over 4 hrs. Cells were then washed 3 times with PBS and 
then glucose-starved by plating with 100 μ l of KRPH buffer containing 2% BSA for 40 minutes. Cells were then 
stimulated with or without insulin (1 μ M) for 20 mins. Add 10 μ l of 10 mM 2-DG, mix, and incubate for 20 mins. 
Following incubation, wash cells 3 times with PBS. Lyse cells with 80 μ l of Extraction buffer. Freeze/thaw cells in 
dry ice/ethanol bath or liquid nitrogen, and then heat at 85 °C for 40 minutes. Cool cell lysate on ice for 5 mins and 
then neutralize by adding 10 μ l of neutralization buffer. Briefly spin down at 13,000 g to remove insoluble mate-
rial. Mixed 50μ l supernatant with 50ul of the Master Reaction Mix to each of the wells and incubate the reaction 
for 40 minutes at 37 °C. Fluroscence intensity was measured at λ  ex =  535/λ  em =  587 nm. All readings subtracted 
the negative control and the amount of accumulated 2-DG6P present in the samples can be determined from the 
standard curve.

Lactate production assay.  Cell culture medium was collected at end point of MDSC induction sys-
tem in vitro. The lactate concentrations within the medium were determined by Lactate Assay kit (MAK064, 
Sigma-Aldrich). Briefly, the cell culture supernatant is deproteinized with a 10kDa MWCO spin filter to remove 
lactate dehydrogenase. Mix 50μ l supernatant with 50μ l Master Reaction and incubate the reaction for 30 mins 
at room temperature in dark. Fluorescence intensity was detected at λ  ex =  535/λ  em =  587 nm. All readings 
subtracted the negative control and the amount of lactate present in the samples can be determined from the 
standard curve.

Statistical analysis.  Skin graft survival curves were calculated by the Kaplan–Meier method, using the 
GraphPad Prism software (GraphPad Software, San Diego, CA). The log-rank test was used for graft survival 
comparison. The median graft survival time (MST) is the time at which half of the subjects reached the respective 

Genes primer sequence (5′-3′)
iNOS Forward primer CACCAAGCTGAACTTGAGCG

Reverse primer CGTGGCTTTGGGCTCCTC

Arg1 Forward primer CCAGAAGAATGGAAGAGTCAGTGT

Reverse primer GCAGATATGCAGGGAGTCACC

HO-1 Forward primer AGGTACACATCCAAGCCGAGA

Reverse primer CATCACCAGCTTAAAGCCTTCT

IDO1 Forward primer GCTTTGCTCTACCACATCCAC

Reverse primer CAGGCGCTGTAACCTGTGT

NOX2 Forward primer TGTGGTTGGGGCTGAATGTC

Reverse primer CTGAGAAAGGAGAGCAGATTTCG

TGF-β 1 Forward primer GCTAATGGTGGACCGCAACAAC

Reverse primer GCACTGCTTCCCGAATGTCTG

Glut1 Forward primer CAGTTCGGCTATAACACTGGTG 

Reverse primer GCCCCCGACAGAGAAGATG 

HK1 Forward primer AGGGCGCATTACTCCAGAG

Reverse primer CCCTGTGGGTGTCTTGTGTG

HK2 Forward primer TGATCGCCTGCTTATTCACGG 

Reverse primer AACCGCCTAGAAATCTCCAGA 

PFK1 Forward primer TGTGGTCCGAGTTGGTATCTT

Reverse primer GCACTTCCAATCACTGTGCC

PKM2 Forward primer TCGAGGAACTCCGCCGCCTG

Reverse primer CCACGGCACCCACGGCGGCA

LDHA Forward primer TGTCTCCAGCAAAGACTACTGT

Reverse primer GACTGTACTTGACAATGTTGGGA

HPRT Forward primer AGTACAGCCCCAAAATGGTTAAG

Reverse primer CTTAGGCTTTGTATTTGGCTTTTC

Table 1.   Primers used in the present study.
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score. All data are presented as the mean ±  SD. Two-way ANOVA analysis was used for comparison among 
multiple groups with SPSS 16.0 software. Student’s unpaired t-test for comparison of means was used to compare 
between two groups. A P value less than 0.05 was considered to be statistically significant.
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