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One sentence summary: SHP-2 ablation induces inflammatory differentiation of myeloid cells and anti-

tumor immunity 
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Abstract  

 

PD-1 checkpoint inhibitor induces T cell inactivation by recruiting SHP-2. However, T cell-specific SHP-

2-deficient mice do not have improved anti-tumor immunity. We generated mice with conditional 

targeting of the Ptpn11 gene (encoding for Shp-2) in T cells (Shp2f/fLckCre) or myeloid cells 

(Shp2f/fLysMCre), and found that Shp2f/fLysMCre mice had diminished tumor growth. As determined by 

RNA-seq, this was paralleled by the presence of inflammatory neutrophils and tumor-associated 

macrophages (TAMs) with molecular signatures of enhanced differentiation, phagocytosis and antigen-

processing and presentation. SHP-2 deficient TAMs also had increased monocyte and dendritic cell (DC) 

specification transcription factors, chemokine and cytokine production, and expression of 

immunostimulatory molecules that promote T cell recruitment and activation. Monocytes from tumor-

bearing Shp2f/fLysMCre mice suppressed tumor growth after transfer to naïve recipients indicating 

development of innate immune memory. In bone marrow myelocytes, GM-CSF, induced PD-1 

expression, phosphorylation and interaction with SHP-2, the Src family kinase Lyn, and GM-CSF receptor 

beta chain, indicating that the PD-1:SHP-2 axis targets a key pathway of myelocyte differentiation. In 

contrast, SHP-2 deletion or antibody-mediated blockade of the PD-1:PD-L1 pathway enhanced 

phosphorylation of the transcription factors HOXA10 and IRF8 that regulate myeloid differentiation and 

monocytic/moDC lineage commitment, respectively. Thus, SHP-2 and the PD-1:SHP-2 axis pose a 

signaling restrain to myeloid differentiation and monocyte lineage commitment resulting in a myeloid 

landscape that suppresses anti-tumor immunity.  
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Introduction 

 

The immune system plays an important protective function against tumor development and 

progression 1. To escape immunosurveillance, cancer cells have developed mechanisms that mask their 

immunogenic features, such as expression of ligands for inhibitory receptors that directly inhibit T cell 

responses by engaging immune inhibitory receptors such as programmed death-1 (PD-1) 2. Tumors also 

alter myeloid cells, which constitute a significant cellular fraction of the microenvironment and can 

employ multiple mechanisms to actively suppress anti-tumor T cell responses 3. Recent studies have 

shown that tumor-infiltrating myeloid cells also include immunostimulatory subsets 4-7. 

Immunostimulatory myeloid cells include tumor-associated macrophages (TAMs) producing 

proinflammatory cytokines, conventionally named M1-like macrophages, as well as  type 1 dendritic cells 

(DC1s). Conversely, immunosuppressive myeloid cells include conventional M2-like TAMs, as well as 

immature myeloid cells generated during cancer-driven emergency myelopoiesis from bone marrow 

common myeloid progenitors (CMPs) and granulocyte/macrophage progenitors (GMPs), defined as 

myeloid-derived suppressor cells (MDSCs)8. MDSCs negatively correlate with anti-tumor immune 

responses and compromise the outcome of chemotherapy, cancer vaccines and checkpoint immunotherapy 

9-11. Thus, depletion of immunosuppressive tumor infiltrating myeloid cells, conversion to 

immunostimulatory effector myeloid cells or blockade of their functions, might improve the outcome of 

chemoimmunotherapy 7,12-15. 

PD-1 is a T cell inhibitor and the most extensively exploited therapeutic target of cancer 

immunotherapy 16. PD-1-mediated T cell inactivation is attributed to the function of SHP-2 phosphatase, 

which is activated by recruitment to PD-1 cytoplasmic tail 17-20. Based on these established data, it was 

expected that SHP-2 ablation would abrogate the inhibitory pathway activated downstream of PD-1 

receptor in T cells, and mice with SHP-2 ablation in T cells would neither be subjected to PD-1-mediated 

inhibition of anti-tumor immunity nor would they be benefitted from treatment with anti-PD-1 antibody. 
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However, it was found that T cell-specific SHP-2 deletion did not improve anti-tumor immunity and did 

not alter responses to anti-PD-1 treatment 21, but might rather have a detrimental effect in melanoma 

progression and metastasis 22. PD-1 is also expressed in common myeloid progenitors (CMPs) and 

granulocyte/macrophage progenitors (GMPs), which accumulate during cancer-driven emergency 

myelopoiesis and give rise to immunosuppressive MDSC and TAMs. In tumor-bearing mice with 

myeloid-specific PD-1 ablation, accumulation of MDSCs is prevented, while output of differentiated 

effector myeloid cells with monocytic lineage dominance is increased 23. It is currently unknown whether 

a canonical PD-1:SHP-2 axis is operative in myeloid cells. 

Temporal activation of SHP-2 is critical for myeloid cell fate 24. Gain of function SHP-2 mutations, 

resulting in constitutive phosphatase activation, prevent myeloid differentiation and lead to the 

accumulation of immature myelocytes and development of leukemia 25. HOXA proteins, members of the 

HOX family of transcription factors involved in normal hematopoiesis 26, are targets of SHP-2 27. HOXA 

genes are maximally expressed in committed myeloid progenitors and are critical for normal myeloid 

development, whereas their aberrations are associated with leukemia 28,29. During growth factor-induced 

myelopoiesis, tyrosine phosphorylation of HOXA10 in two tyrosine residues in the HOXA10 

homeodomain decreases its binding affinity for target gene promoters. This abrogates HOXA10-induced 

transcriptional repression and differentiation proceeds 30. HOXA10 is a substrate of activated SHP-2, 

which dephosphorylates HOXA and prevents derepressing of HOXA target genes and myeloid cell 

differentiation  27,31. In addition, SHP-2 regulates the function of IFN regulatory factor (IRF)-8, a 

transcription factor that has a decisive role in myeloid progenitor differentiation toward monocytes and 

DCs, while limiting granulocyte development 32,33. Failure of IRF8 expression or function leads to the 

generation of MDSCs 34. IRF8 phosphorylation on Tyr-95, localized in the conserved IRF domain, is 

mandatory for its nuclear translocation and initiation of gene transcription 35. The cytoplasmic-nuclear 
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shuttling of IRF8 is regulated by SHP-2, which dephosphorylates IRF8 and prevents its nuclear 

localization and transcriptional activation 35,36. 

In the present study we examined how SHP-2 regulates the output of cancer-driven emergency 

myelopoiesis and investigated whether a canonical PD-1:SHP-2 axis is operative in myeloid cells. We 

used mice with conditional targeting of the Ptpn11 gene (encoding for SHP-2) that leads to significant 

SHP-2 depletion 37, and targeted SHP-2 in T cells (Shp2f/fLckCre) or myeloid cells (Shp2f/fLysMCre). 

Although no difference in tumor growth was observed between Shp2f/fLckCre and control mice, 

Shp2f/fLysMCre mice had significantly reduced tumor growth that was not further decreased by anti-PD-

1 treatment. At a cellular level, myeloid-specific SHP-2 targeting skewed the myeloid cell fate in tumor-

bearing mice from MDSCs and converted them to differentiated myeloid cells that did not induce 

immunosuppression. As determined by RNA-seq, this was paralleled by the presence of inflammatory 

neutrophils and TAMs with molecular signatures of enhanced differentiation, phagocytosis, and antigen 

processing and presentation. SHP-2 deficient TAMs had increased expression of the monocyte 

specification transcription factors IRF8, Klf4 and Zeb2, enhanced molecular features of DC-producing 

monocytes (moDCs), chemokine and cytokine production, and expression of immunostimulatory 

molecules that promoted T cell recruitment and activation. Moreover, monocytes from tumor-bearing 

Shp2f/fLysMCre mice suppressed tumor growth after transfer to naïve recipients indicating development 

of innate anti-tumor immune memory. In bone marrow myelocytes, GM-CSF, a mediator of cancer-driven 

emergency myelopoiesis, induced PD-1 expression, phosphorylation and interaction with SHP-2, the Src 

family kinase Lyn, and GM-CSF receptor beta chain (c), indicating that the PD-1:SHP-2 axis targets a 

key pathway of myelocyte differentiation. In contrast, SHP-2 ablation or antibody blockade of the PD-

1/PD-L1 pathway enhanced GM-CSF-mediated phosphorylation of the transcription factors HOXA10 and 

IRF8 that regulate leukocyte differentiation and monocytic/moDC lineage commitment, respectively. 

Thus, SHP-2 and the PD-1:SHP-2 axis pose a signaling restrain in myeloid differentiation and 
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monocyte/DC lineage commitment thereby preventing the generation of innate anti-tumor immune 

memory and resulting in a myeloid landscape that suppresses anti-tumor immunity. 
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Results 

 

Myeloid-specific SHP-2 targeting suppresses tumor growth and modifies the immunosuppressive 

properties of MDSC.  

To dissect the role of PD-1:SHP-2 axis in anti-tumor immune responses, we used mice with conditional 

targeting of the Ptpn11 gene (encoding for SHP-2), thereafter named Shp2f/f, that significantly depletes 

SHP-2 expression 37.  We crossed Shp2f/f mice with mice expressing Cre recombinase under the control 

of the lysozyme (LysM) promoter to induce selective depletion of the Ptpn11 gene in myeloid cells 

(Shp2f/fLysMCre) or with mice expressing Cre recombinase under the control of the distal Lck promoter 

to induce selective depletion of the Ptpn11 gene in mature T cells (Shp2f/fLckCre). For our studies, first, 

we used the murine B16-F10 melanoma tumor model because it has been informative in dissecting 

mechanisms of resistance to checkpoint immunotherapy 38 and also induces cancer-driven emergency 

myelopoiesis and output of MDSC 23. Although no difference in tumor growth was observed between 

Shp2f/fLckCre and control Shp2f/f mice, Shp2f/fLysMCre mice had significantly reduced tumor growth 

(Fig. 1A). Because CD8+ T cells are the mediators of anti-tumor responses, we assessed activation of 

CD8+ T cells in tumor draining lymph nodes (TDLN) that have been previously determined to be the 

targets of PD-1-mediated inhibition of anti-tumor T cell function 39,40. CD8+ T cells in TDLN of 

Shp2f/fLysMCre mice displayed a more activated state compared to their counterparts in Shp2f/fLckCre 

and control Shp2f/f mice (Fig. 1B, C; gating strategy, Supplementary Fig. S1). In contrast, no difference 

was observed in the activation of TDLN CD8+ T cells from Shp2f/fLckCre mice compared to control 

Shp2f/f tumor-bearing mice (Fig. 1B, C).  

We examined the functional properties of MDSCs isolated from mice bearing B16-F10 tumors 

and found that MDSCs isolated from Shp2f/fLysMCre mice had significantly diminished 

immunosuppressive capacity compared to their counterparts isolated from Shp2f/fLckCre and Shp2f/f mice 
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(Fig. 1D). Consistent with this finding, these cells also had lower expression of CD38 (Fig. 1E, F, G), a 

hallmark of immunosuppressive MDSC 41. Thus, SHP-2 ablation switches the fate and function of myeloid 

cells away from immunosuppressive MDSC in mice bearing B16-F10 tumors.  

 

Improved anti-tumor function induced by myeloid-specific SHP-2 deficiency is not further 

enhanced by PD-1-blocking immunotherapy. 

Previously, we determined that PD-1 is expressed in myeloid progenitors and immature myeloid cells in 

tumor bearing mice, whereas PD-1 ablation switches the fate of myeloid cells away from 

immunosuppressive MDSC toward inflammatory monocytes and DC 23. Based on these previous 

observations and our present findings, we sought to examine whether a PD-1:SHP-2 axis might be 

operative in myeloid cells, and whether it might be involved in the suppression of anti-tumor immunity. 

To investigate this, first, we examined the therapeutic effect of PD-1 blocking immunotherapy in our 

experimental mice bearing B16-F10 tumors. Compared to Shp2f/f mice receiving control IgG2a, Shp2f/f 

mice treated with anti-PD-1 antibody displayed a significant reduction of tumor growth (Fig. 2A, C). In 

contrast, Shp2f/fLysMCre mice that had diminished tumor growth compared to Shp2f/f control tumor 

bearing mice (Fig. 2C), did not benefit from treatment with anti-PD-1 antibody compared to treatment 

with control IgG2a (Fig. 2B, C). In addition, expression of CD38 in MDSC was diminished by anti-PD-1 

antibody treatment in tumor-bearing Shp2f/f control mice but not in Shp2f/fLysMCre mice, which 

expressed lower levels of CD38 than Shp2f/f tumor-bearing mice, in both IgG2a and anti-PD-1 treatment 

groups (Fig. 2D, E, F, G). Compared to the Shp2f/f tumor-bearing group, Shp2f/fLysMCre tumor-bearing 

mice exhibited enhanced activation and increased recruitment of T effector (TEF) CD4+ and CD8+ T cells 

(Fig. 2H, I, J, K). Treatment with anti-PD-1 antibody increased the activation of CD8+ T cells (Fig. 2H, I) 

and expansion of T effector cells (TEF) CD4+ and CD8+ T cells in Shp2f/f but not in Shp2f/fLysMCre tumor-

bearing mice, which had higher TEF cells in TDLN in both IgG2a and anti-PD-1 treatment groups (Fig. 
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2J, K). These results suggest that SHP-2 in myeloid cells has an important role in mediating effects of PD-

1 blockade and, for this reason, myeloid-specific SHP-2 ablation improves anti-tumor immunity which is 

not further improved by PD-1 blocking immunotherapy. Moreover, SHP-2 expression in myeloid cells 

has dominant role over SHP-2 expression in T cells in regulating systemic anti-tumor immunity. 

 

Myeloid-specific SHP-2 deficiency alters the differentiation fate of tumor infiltrating myeloid cells, 

and induces T cell recruitment and activation. 

To study the effects of SHP-2 ablation in myeloid cells in more detail, we employed the MC17-51 

fibrosarcoma mouse tumor model that is well-established to induce robust cancer-mediated emergency 

myelopoiesis, leading to significant output of bone-marrow-derived MDSCs and TAMs 42. Consistent 

with our findings in mice bearing B16-F10 tumors (Fig. 1A and Fig. 2C), we observed significantly 

diminished tumor growth in Shp2f/fLysMcCe mice bearing MC17-51 tumors, compared to control Shp2f/f 

mice  (Fig. 3A, B, C, D, Supplementary Fig. S2), but not in Shp2f/fLckCre mice (Supplementary Fig. S3).  

In the mouse, MDSCs consist of two major subsets, CD11b+Ly6ChiLy6G- monocytic (M-MDSC) 

and CD11b+Ly6CloLy6G+ polymorphonuclear (PMN-MDSC) 8. These cells have similar morphology and 

phenotype to normal monocytes and neutrophils but distinct genomic and biochemical profiles 43. In 

humans, in addition to M-MDSC and PMN-MDSC, a small subset of poorly characterized early stage 

MDSC (eMDSC) has been identified 8. We did not observe quantitative differences in tumor-infiltrating 

myeloid cells (Fig. 3E), but Shp2f/fLysMCre mice had an increased fraction of M-MDSC in tumors (Fig. 

3F, G) and an increased ratio of M-MDSC: PMN-MDSC (Fig. 3H; gating strategy, Supplementary Figure 

S3). A similar increase of M-MDSC tumor-infiltrating myeloid cells in B16-F10 tumor-bearing 

Shp2f/fLysMcre mice, which also developed smaller tumors (Supplementary Fig. S4A-E). In the TDLN 

of MC17-51 tumor-bearing Shp2f/fLysMCre mice, there was a significant increase of CD4+ and CD8+ TEF 
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cells (Fig. 3I) and higher activation of CD8+ T cells  (Fig. 3J, K). Additionally, we also observed a systemic 

increase of TEF CD4+ cells, increase of TEF and T central memory-like (TCM) CD8+ T cells (Fig. 3L) and 

enhanced activation of CD4+ and CD8+ T cells (Fig. 3M, N). No differences were noted in the expression 

of checkpoint receptors including PD-1, PD-L1, CTLA-4, TIGIT or the inducible costimulator (ICOS) in 

CD4+ and CD8+ T cells (Supplementary Fig. S5) or in the numbers and activation of Treg in TDLNs 

(Supplementary Fig. S6). Thus, myeloid-specific Shp2 ablation leads to an increased tumor infiltration by 

Ly6Chi monocytes and concomitant recruitment and activation of TEF and TCM cells.  

 

SHP-2 deficiency converts MDSC to differentiated and activated leukocytes. 

Next, we sought to investigate further the properties of MDSC isolated from Shp2f/fLysMcre mice. Using 

mice bearing MC17-51 tumors, we observed that PMN-MDSC from MC17-51 tumor-bearing 

Shp2f/fLysMCre mice had diminished immunosuppressive function (Fig. 4A) and lower expression of 

CD38 (Fig. 4B, C). M-MDSC from tumor-bearing Shp2f/fLysMCre also had significantly lower 

immunosuppressive capacity compared to M-MDSC isolated from Shp2f/f control tumor-bearing mice 

(Supplementary Fig. S7). PMN- and  M-MDSC subsets are counterparts of granulocytes and monocytes, 

respectively 3. Analysis of each of these subsets of MDSC showed that CD11b+Ly6ChiLy6G- monocytic 

cells in tumors of Shp2f/fLysMCre mice expressed higher levels of MHC II, CD86 and Ifn- than their 

counterparts isolated from Shp2f/f mice (Fig. 4D, E, F, G), consistent with an activated and 

proinflammatory phenotype with features of improved antigen presentation and costimulation capacity. 

CD11b+Ly6G+Ly6Clow granulocytic cells in tumors of Shp2f/fLysMcre, also expressed higher levels of 

Ifn- than their counterparts isolated from Shp2f/f mice (Fig.  4F, G). These findings suggest that in the 

context of cancer, SHP-2 ablation switches the fate of myeloid cells away from immunosuppressive 

MDSC and promotes the generation of proinflammatory neutrophils, and proinflammatory monocytes 

with features of enhanced antigen-presentation and T cell costimulation capacity.  
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M-MDSC enter the tumor and convert into TAMs that promote tumor progression 3. To determine 

if key myelosuppressive myeloid compartments in tumor-bearing Shp2f/fLysMcre mice have distinct 

molecular features, we examined PMN-MDSC and TAMs. We isolated splenic PMN-MDSC from Shp2f/f 

and Shp2f/fLysMCre mice bearing MC17-51 tumors and analyzed gene expression profile by RNA 

sequencing. Differential gene expression analysis showed that among 17,746 expressed genes, a total of 

1,240 genes (842 upregulated; 286 downregulated) were differentially expressed between SHP-2 deficient 

and control MDSC (Fig. 4H; Supplementary Table 1) indicating that SHP-2 targeting resulted in 

transcriptionally distinct MDSC populations in tumor bearing mice. Differentially expressed genes from 

each group are graphically displayed as a heatmap (Fig. 4I). Examination of individual genes showed that 

among the top differentially expressed genes in MDSC from Shp2f/fLysMCre mice were genes with 

important roles in leukocyte differentiation and function 44. These included multilineage hematopoietic 

progenitor genes such as Klf1, Gata2 and Egr1 and the neutrophil transcription factors Cebpe (c/EBPe) 

and Gfi1 (Fig. 4I, J, K; Supplementary Table 1). These findings are consistent with the GMP origin of 

PMN-MDSC 3 and the knowledge that progenitor transcription factors are expressed in their progeny 45. 

Strikingly, a number of granule genes typically expressed by mature neutrophils, in particular the primary 

granule proteases neutrophil elastase (Elane), proteinase 3 (Prtn3), cathepsin G (Ctsg), and 

myeloperoxidase (Mpo) 44, were highly expressed in myeloid cells isolated from tumor-bearing 

Shp2f/fLysMCre mice (Fig. 4I, L, M, N). In addition, genes expressed in mature, fully differentiated 

granulocytes such as S100a8 and Camp 44, were elevated in SHP-2 deficient myeloid cells (Fig. 4I; 

Supplementary Table 1).   

Over-representation and Gene Set Enrichment Analysis (GSEA) revealed that relative to those 

isolated from control tumor-bearing hosts, gene expression profiles of myeloid cells from Shp2f/fLysMCre 

tumor-bearing mice were enriched for processes involved in positive regulation of cytokine production, 

PRC2-EZH2 targets, phagosome formation, myeloid cell differentiation, and neutrophil-mediated 

immunity, as well as Notch signaling and HOXA targets, and were dominated by functions of antigen 
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presentation, myeloid cell migration, mitosis and autophagy (Fig. 4O, P, Q, and Supplementary Fig. S8). 

Consistent with these, transcripts of the inflammatory mediators S100a8/9, IFN I-inducible genes Rsad2 

and  Ifit2  46,47 as well as Cmpk2 that is required for NLRP3 inflammasome activation downstream of 

IFNR1 signaling 48, were significantly elevated in SHP-2 deficient cells (Fig. 4I; Supplementary Table 1). 

Conversely, expression of Trem2, a myeloid receptor that transmits intracellular signals promoting 

immunosuppression function in myeloid cells 7 was significantly decreased (Fig. 4I, R; Supplementary 

Table 1). SHP-2 deficient MDSC also exhibited lower expression of unfavorable regulators of myeloid 

function such as Msr1 that promotes neutrophil netosis 49, a protumorigenic process 50, and Xbp1, a 

classical marker of the unfolded protein response (UPR) that polarizes tumor infiltrating myeloid cells to 

highly immunosuppressive MDSC 51,52 (Fig. 4I, S, T; Supplementary Table 1). Together, these results 

indicate that myeloid cells in tumor-bearing Shp2f/fLysMCre mice are skewed away from 

immunosuppressive MDSC and display features of differentiated neutrophils together with pro-

inflammatory properties of neutrophil-mediated immunity.  

 

SHP-2 deficiency reshapes the intratumoral macrophage infiltrate.  

Next, we examined the effect of SHP-2 targeting on the transcriptional properties of TAMs that 

are generated from M-MDSC, which convert to macrophages in tumor and have a decisive role in shaping 

anti-tumor immunity. Differential gene expression analysis showed that among 16,749 expressed genes, 

a total of 7,307 genes (3,650 upregulated; 3,657 downregulated) were differentially expressed between 

SHP-2 deficient and control TAMs (Fig. 5A; Supplementary Table 2) indicating that SHP-2 ablation 

resulted in transcriptionally distinct TAM populations in tumor bearing mice Shp2f/fLysMCre and Shp2f/f 

mice. Differentially expressed genes from each group were graphically displayed in a heatmap (Fig. 5B). 

TAMs from Shp2f/fLysMCre mice displayed enhanced expression of genes with important roles in 

monocyte, macrophage, and DC differentiation and function. These included monocyte specification 
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transcription factors IRF8, Klf4 and Zeb2 (Fig. 5B, C, D, E, F, G; Supplementary Table 2) and monocyte 

signature genes such as Cfp, Ly86 and Csf1R (Supplementary Table 2).  There was also increase in gene 

transcripts of DC specification such as the transcription factor Baft3 (Fig. 5B, H; Supplementary Table 2), 

which together with Irf8 and Klf4 is essential for DC differentiation 33,53-55. TAMs from Shp2fl/flLysMCre 

mice also had increased expression of the immunostimulatory molecules CD86 and CD83 (Fig. 5B, I; 

Supplementary Table 2), which are associated with moDC differentiation 45,56. These findings suggest that 

TAMs in Shp2fl/flLysMCre mice have enhanced gene expression programs identifying monocytes 

differentiated from MDPs that can give rise to Ly6Chi classical and moDC-producing monocytes 45. This 

is also supported by the finding that signature transcripts of moDCs such as Csf1, Siglec1, Clec10 and 

Slamf7 57 were increased in SHP-2 deficient TAMs (Fig. 5B; Supplementary Table 2).  There was elevated 

expression of Nos2 (Fig. 5B), which characterizes inflammatory macrophages differentiated from Ly6Chi 

monocytes 58. There was also a significant elevation of STING (encoded by Tmem173) (Supplementary 

Table 2), a pattern recognition receptor that transmits signals activating IFN type I responses 59, and IFN 

type I-induced proinflammatory genes Ifit2, Ifit3 and Cmpk2 (Fig. 5B) as well as TLRs and TLR 

downstream signaling mediators such as Unc93b1 and Wdfy1 60 (Fig. 5B, J, K, S; Supplementary Table 

2), indicating an enhanced proinflammatory program. Conversely, there was diminished expression of 

inhibitory genes such as Havcr2 (encoding for Tim3), Prdm1, Trem2 and Wnt (Fig. 5B, L, M, N) all of 

which have detrimental roles in macrophage and DC function 7,61-63.  

Pathway enrichment analysis, showed that SHP-2 deficient TAMs were enriched for genes of 

macrophage differentiation and activation, phagocytosis, TLR and NF-kB signaling, cytokine and 

chemokine activity, IL-1 response, cell killing, antigen presenting function and autophagy (Fig. 5O, P, Q, 

R, S, Supplementary Fig. S9), all of which are associated with anti-tumor properties of TAMs 64-68. The 

differentially expressed cytokines and cytokine production pathways involved the key proinflammatory 

cytokines IL-1 IL-1 and IL-18, as well as IL-6, IL-17, IL-10, type I IFN and IFN- (Fig. 5T, U, V, W, 
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Supplementary Fig. S8). In addition, several chemokines were upregulated in SHP-2 deficient TAMs 

(Supplementary Fig. S8; Supplementary Table 2) including Pf4 (CXCL4) that, besides inducing platelet 

aggregation, acts as chemoattractant for neutrophils and monocytes, and enhances T memory cell 

responses 69,70; CCL2, CCL3, CCL4, CCL6, CCL7, CCL8, CCL9, CXL2 and CXL3 which collectively 

promote monocyte, DC, NK and T cell recruitment, and macrophage activation, thereby promoting a 

proinflammatory immune response 71-75. TAMs from Shp2f/fLysMCre mice had an enhanced signature of 

multiple metabolic pathways including lipid, carbohydrate and amino acid transport, cholesterol 

metabolism, and energy metabolism (Fig. 5X; Supplementary Table 2). Enhanced metabolic activity, 

characterized of glucose and glutamine metabolism, increased levels of amino acids, and anabolic lipid 

metabolism was also observed in phagocytes generated from bone marrow progenitors of Shp2f/fLysMCre 

mice (Supplementary Fig. S10). Consistent with these findings, GSEA using Gene Ontology Biological 

Processes Pathways gene sets showed that TAMs from Shp2f/fLysMCre mice were characterized by highly 

expressed signatures of leukocyte activation, chemotaxis, migration, cytokine production, inflammatory 

response, and tissue remodeling (Supplementary Fig. S11).  

 

SHP-2 ablation induces innate immune memory and long-lasting anti-tumor properties in 

monocytes.  

Our RNA-seq studies showed that SHP-2 deficient neutrophils in tumor-bearing mice have a gene 

program of effector myeloid cells enriched in gene transcripts involved in neutrophil differentiation and 

specification (Fig. 4; Supplementary Table 1) indicating that they are originated from GMPs 44,45. In 

parallel, our RNA-seq studies of SHP-2 deficient TAMs showed enhanced expression of genes 

characteristic of monocytes differentiated from MDPs that can give rise to Ly6Chi classical and moDC-

producing monocytes 45. These findings suggest that altered tumor-driven emergency myelopoiesis in 
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Shp2f/fLysMCre mice results in increased output from two different progenitor stages, GMPs and MDPs 

(Fig. 6A).   

Metabolism-driven changes, including glucose, glutamine and cholesterol metabolism, in 

monocytes and macrophages, lead to a state of long-lasting epigenetic imprinting of functional immune 

memory named innate immune memory or trained immunity 76. Other studies have reported that 

neutrophils may also develop trained immunity, characterized by epigenetic rewiring of gene activity, and 

can provide long-lasting protection against infections and cancer 77-79. Our results showed that TAMs from 

tumor-bearing Shp2f/fLysMCre mice have enhanced metabolic activity characterized by upregulation of 

pathways related to glucose and lipid transport, and cholesterol metabolism (Fig. 5X) that are involved in 

training 80-82. In addition, in tumor-bearing Shp2f/fLysMCre mice, neutrophils exhibited increased 

expression of Ezh2 methyltransferase, and EZH2 targets (Fig. 4O; Supplementary Table 1), whereas 

TAMs, which are generated from bone marrow-derived monocytes, exhibited increased expression of 

Ezh1, as well as Kdm5 family demethylases (Supplementary Table 2), all of which regulate histone and 

DNA methylation status 83,84. These findings are indicative of enhanced epigenetic activity in both 

neutrophils and TAMs in tumor-bearing Shp2f/fLysMCre mice. For these reasons, we examined whether 

neutrophils or monocytes could mediate long-lasting anti-tumor protection indicating development of 

trained immunity.   

We implanted MC17-51 tumors in Shp2fl/flLysMCre mice and, nine days later, collected 

CD45+CD11b+Ly6ChiLy6G- monocytes and CD45+CD11b+Ly6C-Ly6G+ neutrophils from the bone 

marrow of tumor-bearing mice and adoptively transferred them into naïve WT tumor bearing hosts 

implanted with MC17-51 tumors (Fig 6B), as previously described 79. Compared to control tumor-bearing 

mice, no difference in tumor growth was observed in mice that received neutrophils from Shp2f/fLysMCre 

tumor bearers whereas the monocyte recipient group had significantly reduced tumor growth (Fig. 6C, D). 

These results show that the enhanced anti-tumor immunity in Shp2f/fLysMCre is mediated by Ly6Chi 



16 

 

monocytes generated in the bone marrow during tumor-driven emergency myelopoiesis. Moreover, the 

anti-tumor properties of SHP-2 deficient Ly6Chi monocytes are long-lasting and can be transferred to naïve 

tumor-bearing hosts.  

 

SHP-2 and canonical PD-1:SHP-2 signaling impede phosphorylation of HOXA10 and IRF8 

transcription factors that promote myeloid cell differentiation and monocyte lineage commitment.  

Next, we sought to determine the mechanistic basis of the immunological outcomes induced by 

myeloid-specific SHP-2 targeting. Activating SHP-2 mutations prevent myeloid cell differentiation and 

lead to the accumulation of immature myelocytes and development of leukemia 25. Established SHP-2 

targets in myeloid progenitors include the transcription factors HOXA and IRF8. During growth factor-

induced myelopoiesis, as differentiation proceeds, tyrosine phosphorylation of HOXA10 decreases its 

binding affinity for target gene promoters that are repressed by HOXA10 binding. SHP-2-mediated 

dephosphorylation of HOXA prevents derepressing of HOXA target genes and myeloid cell 

differentiation 27,31. SHP-2 also regulates the function of IRF8 because SHP-2-mediated 

dephosphorylation of IRF8 prevents its nuclear localization and transcriptional activation, which is 

required for monocyte lineage differentiation 35,36. Our RNA-seq studies a showed that myeloid cells 

isolated from tumor-bearing Shp2fl/flLysMCre mice had enhanced neutrophil differentiation and increased 

HOXA targets (Fig. 4), whereas TAMs exhibited highly elevated expression of transcripts relevant to 

monocyte and mo/DC differentiation including Irf8, Kl4, Zeb2 and Batf3 (Fig. 5B). Based on these 

findings, we examined whether phosphorylation of HOXA10 and IRF8 might be altered in SHP-2 

deficient bone marrow myeloid cells cultured with GM-CSF+IL-3 27,31. Flow cytometric analysis 

confirmed that by 72hr of culture >95% of the Linpos cells were myelocytes (Supplementary Fig. S12A). 

HOXA10 immunoprecipitation followed by immunoblot with anti-phosphotyrosine antibody showed 

enhanced HOXA10 phosphorylation in SHP-2 deficient myelocytes (Fig. 7A). Similarly, IRF8 
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immunoprecipitation followed by anti-phosphotyrosine immunoblot showed that SHP-2 deficient cells 

had increased IRF8 phosphorylation (Fig. 7B). These results provide a mechanistic basis explaining how 

SHP-2 ablation promotes the generation of differentiated myeloid cells that is mediated by enhanced 

HOXA10 phosphorylation, and enhances monocytic lineage output that is regulated by phosphorylation 

of IRF8, which drives the transcriptional program of monocyte and DC lineage differentiation. Because 

as we observed previously, after culture with GM-CSF myeloid progenitors and their progeny express PD-

1 23, we examined whether PD-1:SHP-2 interaction might be detected in myelocytes. PD-1 

immunoprecipitation followed by SHP-2 immunoblot detected a robust PD-1:SHP-2 interaction in control 

cells that was abrogated in SHP-2 deficient myelocytes (Fig. 7C).  

Our previous studies showed that GM-CSF-mediated activation of Erk and mTOR is enhanced in 

PD-1 deficient CMPs and GMPs during in vitro culture 23. Because Erk and mTOR are well-established 

targets of PD-1 in T cells 85, we examined whether a canonical PD-1:SHP-2 signaling might impact GM-

CSF signaling in myelocytes. We used primary bone marrow cells and cultured them with GM-CSF and 

IL-3. During culture, there was a decrease of Linneg and increase of Linpos cells (Fig. 7D), as expected. In 

both Linneg and Linpos cells, PD-1 (Fig. 7E, F, I, J) and PD-L1 (Fig. 7G, H, K, L; Supplementary Fig. 

S12B, C) were expressed at low levels before treatment and were upregulated after culture. In T cells, 

SHP-2 is recruited to PD-1 cytoplasmic tail after tyrosine phosphorylation by TCR-mediated activation 

of Src family kinases Fyn and Lck 20,86. In the myeloid lineage, the c subunit of the GM-CSF receptor 

(GM-CSFR), shared also by the IL-3 and IL-5 receptors, is the major signaling subunit and is tyrosine 

phosphorylated in response to cytokine stimulation 87. The Src family member, Lyn, can directly associate 

with GM-CSFR c subunit 88. We examined if PD-1 is phosphorylated by GM-CSF at tyrosine Y248 

within the conserved ITSM motif of PD-1 cytoplasmic tail, a site known to be phosphorylated by Src 

family kinases leading to PD-1 interaction with SHP-2 in T cells 20,86. Immunoprecipitation with anti-PD-

1 antibody followed by immunoblot with phospho-specific PD-1 antibody that recognizes pY248 20,89, 
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showed that GM-CSF induced PD-1 phosphorylation and interaction with SHP-2 (Fig. 7M). Sequential 

immunoblot with Lyn-specific antibody and GM-CSFR c-specific antibody showed that both proteins 

were detected in PD-1 immunoprecipitations (Fig. 7M). Thus, a canonical PD-1:SHP-2 axis is activated 

in myeloid cells during GM-CSF-mediated signaling, resulting in the recruitment of PD-1 inhibitory 

machinery to a major signaling receptor involved in myeloid cell activation, proliferation and 

differentiation.  

Because our results showed PD-1 and PD-L1 upregulation and PD-1:SHP-2 interaction in myeloid 

cells, we examined whether activation of PD-1:SHP-2 axis by PD-1 and PD-L1 receptor-ligand interaction 

during culture with GM-CSF might pose a signaling restrain to GM-CSF-mediated phosphorylation of 

HOXA10 and/or IRF8 and whether this might be prevented by PD-1:PD-L1 blockade, similarly to SHP-

2 depletion. Addition of a PD-L1 blocking antibody during culture enhanced HOXA10 phosphorylation 

(Fig. 7N) but more potently enhanced IRF8 phosphorylation (Fig. 7O). Thus, SHP-2 and, to a lesser extent, 

the PD-1:SHP-2 axis pose a signaling restrain in myeloid cell differentiation and lineage fate commitment 

to monocytes and DCs that depends on IRF8 expression and phosphorylation 33,55.  
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Discussion  

 

Our present studies reveal a previously unidentified mechanistic role of SHP-2 and the PD-1:SHP-

2 axis in regulating myeloid cell differentiation, and lineage fate commitment and function in the context 

of cancer. We found that SHP-2 poses a restrain in GM-CSF-mediated phosphorylation of HOXA10 and 

IRF8 transcription factors that induce myeloid differentiation and monocyte/DC lineage commitment, 

respectively 90,91. In the myeloid lineage, the c subunit of the GM-CSFR, shared also by the IL-3 and IL-

5 receptors, is the major signaling subunit that is tyrosine phosphorylated by cytokine stimulation and 

mediates myelocyte differentiation, expansion and activation in response to growth factors 87. Although 

JAK2 is the primary kinase activated downstream of GM-CSFR, the Src family member Lyn, can directly 

interact with GM-CSFR c subunit 88. We found that PD-1 is phosphorylated by GM-CSF at tyrosine 

Y248 within the conserved ITSM motif of its cytoplasmic tail, a site known to be phosphorylated by Src 

family kinases leading to PD-1 interaction with SHP-2 in T cells 20,86. Moreover, co-engagement of the 

PD-1:PD-L1 pathway during growth factor engagement of GM-CSFR restrains GM-CSF-mediated 

phosphorylation of HOXA10 and IRF8, which is reversed by a PD-L1 blocking antibody. These results 

explain why PD-1 23 or SHP-2 ablation in myeloid cells, as shown in the present study, lead to enhanced 

monocyte and moDC differentiation.  

Using cell-specific targeting of SHP-2 in T cells or myeloid cells, we determined that myeloid-

specific PD-1:SHP-2 signaling has a dominant role over T cell-specific PD-1:SHP-2 signaling in 

regulating anti-tumor immunity in vivo explaining why mice with T cell-specific SHP-2 deficiency do not 

have improved anti-tumor protection, and retain unaltered therapeutic responses to anti-PD-1 treatment 

21. Our data reveal that a canonical PD-1:SHP-2 signaling axis is operative in myeloid cells, similarly to 

what has been previously established for B and T lymphocytes 18,20,92. This myeloid-specific PD-1:SHP-2 

axis becomes particularly important in the context of cancer, where growth factors released by cancer 

cells, such as GM-CSF and IL-3 that induce emergency myelopoiesis, directly upregulate PD-1 and PD-
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L1 expression in myeloid progenitors and their progeny, as determined in our present studies, thereby 

posing a signaling restrain to their effector differentiation and function. This might be the earliest critical 

signaling target of the PD-1:PD-L1 pathway in the context of cancer, because soluble factors produced by 

cancer cells can act systemically at early stages of the cancer immunity cycle 1, before local tumor growth 

and infiltration by immune cells that are subject to inhibitory signals in the immunosuppressive tumor 

microenvironment.  

We found that targeting SHP-2 in myeloid cells resulted in enhanced differentiation of neutrophils, 

and TAMs that are generated from bone marrow-derived monocytes in tumors. Neutrophils were skewed 

away from immunosuppressive MDSC, and tumor-infiltrating macrophages were skewed away from pro-

tumorigenic TAMs that promote tumor growth. Instead, both cell types were characterized by gene 

signatures and activation of pathways linked to effector differentiation and activation, and by biological 

properties of enhanced proinflammatory function, cytokine production, phagocytosis, antigen 

presentation, and autophagy, an integral component of the antigen presentation process 93. This 

differentiation program of myeloid cells was associated with potent anti-tumor function, diminished tumor 

growth, and enhanced recruitment, activation and effector differentiation of T cells, despite unaltered 

expression of SHP-2 and multiple checkpoint inhibitors in T cells. Several chemokines, such as CCL3, 

CCL4, CCL6, CCL7, CCL8, CCL9, CXCL2 and CXCL3 that displayed increased expression in SHP-2 

deficient TAMs, can induce chemotaxis, transendothelial migration, extravasation and recruitment of 

monocytes, macrophages, and neutrophils to tumors 71-74,94. Although previous studies have reported that 

increased production of such chemokines by TAMs might have a tumor-promoting effect by recruiting 

immunosuppressive myeloid cells to tumors 95,96, increase of these chemokines in Shp2f/fLysMCre tumor-

bearing mice was associated with diminished tumor growth. This outcome can be explained by the 

differentiated and activated features of myelocytes in Shp2f/fLysMCre tumor-bearing mice that are skewed 

away from immunosuppressive MDSCs and TAMs and, instead, have enhanced antigen presenting 
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functions, phagocytotic and cell killing properties thereby further promoting anti-tumor immune responses 

instead of tumor growth. 

T cells are responsive to chemokines whose production is controlled by type I IFN signaling 

produced by innate immune cells 97. In most cases, this is initiated by viral infection of a cell and detection 

of pathogenic nucleic acids by intracellular DNA- and RNA-sensing systems such as cGAS/STING, 

AIM2, and TLR3 98. IFN type I is also produced by DCs following stimulation of TLR7 and TLR9, which 

detect viral RNA and DNA molecules, respectively, that have been endocytosed or sequestered by 

autophagy. The production of type I IFNs in DC can be further amplified by a positive feedback loop that 

involves the transactivation of IRF7 and IRF8 in response to IFNα/β receptor (IFNAR) signaling 99. 

Although it was initially thought that type I IFNs exert direct anticancer effects by activating IFNAR 

signaling in malignant cells hence inhibiting cell cycle progression 100, promoting terminal differentiation 

101 or inducing apoptosis 102, it is becoming increasingly clear that type I IFNs mainly function by 

stimulating anticancer immune responses via autocrine or paracrine signaling circuits by IFN-stimulated 

genes 103,104.  These have an instrumental role in the production of IFN-dependent chemokines that lead to 

preferential recruitment and retention of systemic CD8+ T cells in the tumor, an outcome that can be 

recapitulated by treatment with type I IFN or DNA damaging chemo- and radiotherapies 105. In our work, 

we found that SHP-2 deficient TAMs displayed a significant increase of STING (Supplementary Table 

2), TLR signaling (Fig. 5S), and type I IFN (Fig. 5T), and these were paralleled by increase of chemokines 

that attract and retain activated T cells, such as CCL2, CCL7 and CCL8, leading to systemic recruitment 

of CD8+ T cells in tumor bearing mice (Supplementary Fig. S9; Supplementary Table 2; Fig. 3I, L).  

Previous studies used allosteric inhibitors of SHP-2 such as SHP099, TNO155 106-108 and 

RMC4550 109 with the purpose to target cancer cells, in which SHP-2 is activated downstream of RTK/Ras 

signaling and functions as an oncogene promoting cancer cell growth 106, or to target both cancer and 

immune cells 108,109. These studies observed upregulation of three CXCR3 ligands, specifically CXCL9, 
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CXCL10, CXCL11 in tumor cells thereby leading to T cell recruitment 108. Other investigators reported 

that SHP-2 ablation in macrophages potentiated production of CXCL9 in response to IFN-, thereby 

facilitating tumor infiltration by T cells 110. Combined approaches of SHP-2 allosteric inhibitors together 

with pharmacologic RTK inhibitors or KRASG12C-GDP inhibitors have been employed with the main 

purpose of targeting signaling vulnerabilities of cancer 108,111,112. These studies have reported that such 

treatments, by changing the properties of cancer, also alter immune cells of the TME, including increase 

of CD8+ T cells, depletion of pro-tumorigenic M2 TAMs via attenuation of Csf1 signaling 109, increase of 

M1 TAMs and reduced immunosuppression function of MDSCs 107,108,112, but the mechanisms remained 

elusive. Our present studies employing a genetic approach to dissect the effects of SHP-2 targeting at 

multiple levels, showed that myeloid-intrinsic but not T cell-intrinsic depletion of SHP-2 has a dominant 

anti-tumor effect by altering the myeloid lineage fate, thereby promoting the generation of differentiated 

granulocytes, and monocytes that became TAMs with signatures of activated antigen presenting cells. In 

SHP-2 deficient TAMs, we observed enhanced expression of Csf1, together with  Slamf7, Siglec1, and 

Clec10  that form a signature of moDCs 57. Notably, our results showed that classical M1 but also M2 

genes, such as PPAR and CD206, were increased in SHP-2 deficient TAMs (Supplementary Table 2). 

Because M2 macrophages are required for resolution of inflammation and tissue remodeling 12,113-115, the 

combined actions of M1 and M2 macrophages induced by SHP-2 depletion might be involved in the 

enhanced anti-tumor function by promoting proinflammatory but also tissue remodeling properties of 

tumor infiltrating macrophages that induce a pro-resolving-mediated suppression of tumor growth 115.  

An important finding of our studies was the SHP-2 targeting in myeloid cells resulted in long-

lasting anti-tumor properties of monocytes isolated from the bone marrow of Shp2f/fLysMCre tumor-

bearing mice that could be transferred to naïve tumor-bearing hosts, consistent with the development of 

trained immunity. Until recently, it was assumed that the innate immune system cannot build 

immunological memory. The observations that innate immune cells can exert adaptive characteristics and 
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can build a non-specific memory, challenged this paradigm 116-118. Cells of the innate immune system, 

such as monocytes, can build memory during their differentiation to macrophages, a process named 

trained (innate) immunity in which signaling, metabolic and epigenetic changes represent the molecular 

substrate 119. Neutrophils may also develop trained immunity and provide long-lasting protection against 

cancer 79. Emergency myelopoiesis is an integral part of trained immunity because this process develops 

during the differentiation of myeloid progenitors in the bone marrow 120,121. Our results showed that SHP-

2 deficiency resulted in enhanced signaling of bone marrow myeloid progenitors in response to factors of 

emergency myelopoiesis (Fig. 7), altered metabolic programs of TAMs and bone marrow derived 

phagocytes (Fig. 5X; Supplementary Fig. S10), and led to increased expression of Ezh1 and Kdm5 

epigenetic regulators in TAMs, findings consistent with signaling, metabolic and epigenetic processes 

associated with trained immunity 76,119,122. By transferring individually neutrophils and monocytes from 

the bone marrow of Shp2f/fLysMCre tumor-bearing mice subjected to cancer-mediated emergency 

myelopoiesis in vivo, we found that monocytes but not neutrophils displayed properties of long-lasting 

innate immune memory against tumor transferrable to naïve tumor-bearing hosts. Of note, IL-1 that 

drives long-term training of monocyte precursors 121, was highly increased in SHP-2 deficient TAMs, 

providing evidence for an additional mechanism responsible for the development of trained immunity in 

monocytes. Together with our findings that SHP-2 and the PD-1:SHP-2 axis restrain the phosphorylation 

of HOXA10 that regulates myelocyte differentiation, but also the phosphorylation of IRF8 that guides 

monocyte/DC lineage fate commitment, these data indicate that SHP-2 and PD-1:SHP-2 axis might 

preferentially have a long-lasting functional impact in the monocytic compartment. It is tempting to 

speculate that the long-lasting effects of PD-1-based immunotherapy in some, but not all, patients might 

be related to the development of immunotherapy-mediated monocyte differentiation and trained immunity 

vs. generation of immunosuppressive MDSCs and TAMs during cancer-driven emergency myelopoiesis. 

Further studies will investigate these new directions of central regulation of anti-tumor responses to cancer 

immunotherapy in patients.  
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In conclusion, our results provide multiple levels of evidence that SHP-2 and the PD-1:SHP-2 axis 

pose a signaling restrain to the differentiation and monocyte/DC lineage commitment of myeloid 

progenitors by suppressing the phosphorylation of the transcription factors HOXA10 and IRF8, resulting 

in a myeloid landscape that compromises anti-tumor immunity. SHP-2 depletion promotes myelocyte 

differentiation, activation and antigen presenting function leading to T cell recruitment and activation, and 

potent anti-tumor immunity.  
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Material and Methods  

Animals 

All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at 

Beth Israel Deaconess Medical Center (Boston MA), and were in accordance with National Institutes of 

Health Guidelines for the Care and Use of Animals. Mice with conditional targeting of the Ptpn11 gene 

(encoding for Shp-2), thereafter named Shp2f/f , were kindly provided by Dr. Gen-Sheng Feng (University 

of California, San Diego) and have been previously described 37. We crossed Shp2f/f mice with mice 

expressing Cre recombinase under the control of the lysozyme (LysM) promoter to induce selective 

ablation of the Ptpn11 gene in myeloid cells (Shp2f/fLysMCre) or with mice expressing Cre recombinase 

under the control of the distal Lck promoter to induce selective ablation of the Ptpn11 gene in mature T 

cells (Shp2f/fLckCre). C57BL/6 mice and OTI-TCR transgenic mice (C57BL/6-Tg(TcraTcrb)1100Mjb/J) 

were purchased from Jackson Laboratory (Bar Harbor, Maine). 

 

Tumor cell lines and tumor experiments 

 B16-F10 melanoma and MC17-51 fibrosarcoma cell lines were purchased from ATCC. B16-F10 cell line 

was subcloned and subclones with intermediate growth rate were selected for use. Eight to 12 weeks old 

mice were used for tumor implantation, and B16-F10 melanoma (1x105 or 3x105 cells per mouse) or 

MC17-51 fibrosacroma (1x105 cells per mouse) were injected subcutaneously in the left flank under 

isoflurane anesthesia. For adoptive transfer of monocytes or neutrophils into naïve hosts, 

CD45+CD11b+Ly6ChiLy6G- monocytes and CD45+CD11b+Ly6C-Ly6G+ neutrophils were magnetically 

collected from the bone marrow tumor bearing Shp2f/fLysMCre; 0.75 x105 MC17-51 tumor cells were 

mixed with 0.75 x105 monocytes or 0.75 x105 neutrophils and were injected subcutaneously in wild type 

C57BL/6 mice. Starting from day 9, tumor size was monitored every 2 days by a caliper fitted with a 

Vernier scale. The tumor volume was calculated by the formula tumor volume=0.5*width2 *length. Mice 

were euthanized on day 14-16 after tumor implantation and bone marrows, spleens, tumors and tumor-

https://www.jax.org/strain/003831
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draining lymph nodes were harvested. At termination, tumor weight was also measured. For antibody 

treatment experiments, 250 μg of either anti-PD-1 (clone RMPI-14, BioXCELL) or IgG2a control (clone 

2A3, BioXCell) diluted in sterile PBS were injected intraperitoneally in a volume of 100 μl per mouse  on 

days 9, 11, and 13 after tumor inoculation and the mice were euthanized at day 15.  

 

Cell purification and processing  

Single cell suspensions were made from spleens, tumor draining lymph nodes, and tumors as previously 

described 23. Briefly, tumors were digested by 1 mg/ml of Collagenase I in incomplete RPMI and then 

filtered through 70 μl strainers, while the spleens and the tumor draining lymph nodes were directly filtered 

through 70 μl strainers. For flow cytometry studies, 1x106 were resuspended in PBS 1X supplemented 

with 2.5% FBS, and plated in 96-well round bottom plates. Surface staining was performed at 40 C for 25-

30 minutes with the flow antibodies listed in Supplementary Table 3. For intracellular staining, Foxp3 / 

Transcription Factor permeabilization/staining Buffer set (Thermo Fischer) was used according to the 

manufacturer’s instructions. Intracellular staining was performed at 40 C for 35-45 minutes with flow 

antibodies listed in Supplementary Table 3. Cells were acquired using Becton Dickinson LSR Fortsessa 

or Beckman-Coulter Cytoflex Flow cytometer and analyzed with Flowjo Software.   

 

Suppression assay  

MDSC-mediated suppression was assessed using previously established methodology 23. Briefly, splenic 

MDSCs were isolated from the spleens of mice bearing B16-F10 melanoma or MC17-51 fibrosarcoma, 

by using either the EasySep™ Mouse MDSC (CD11b+GR1+) Isolation Kit (StemCell Technologies) or 

with MDSC isolation kit (Miltenyi Biotech) to separate GR1hiLy6G+Ly6C- (PMN-MDSC) and 

GR1dimLy6G-Ly6C+ (M-MDSC) cells. Serial dilutions of MDSCs (2x105, 1x105, 0.5x105, 0.25x105, 

0.125x105) were plated in flat bottom 96-well plates with 2x105 splenocytes per well isolated from OTI-
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TCR transgenic mice and 250 ng/ml of ovalbumin peptide (OVA257-264) for 72 hours. As control, OTI 

splenocytes were incubated with OVA peptide (OVA257-264) without MDSC. 3H-thymidine was added for 

the last 16 hours of a 72 hr culture, and thymidine incorporation was measured by MicroBeta plate counter 

(Perkin Elmer). 

 

Cell culture and signaling 

For signaling experiments, bone marrow cells from C57BL/6 WT mice or Shp2f/f and Shp2f/f LysMCre 

mice were cultured for 48 hr in Iscove’s media supplemented with 10% fetal bovine serum, 2 mmol/L 

glutamine, 100 units/mL penicillin-streptomycin, 10 mM Hepes and 20 M beta-mercaptoethanol, in the 

presence of GM-CSF (10 ng/ml) and IL-3 (5 ng/ml) (both purchased from Peprotech). Where indicated, a 

PD-L1 blocking antibody (MIH5) (10 µg/ml) was added in the cultures. For studies of GM-CSF-mediated 

short-term signaling activation, 48 hr after culture as described above, cells were rested for 3 hr at 37oC 

in RPMI-1640 containing 10 mM HEPES. Cells were then either left unstimulated or were resuspended 

at 10 x 106 cells/ml in pre-warmed RPMI 1640 containing 10 mM HEPES and were stimulated with GM-

CSF (40 ng/ml). At the indicated time points, the reaction was stopped by adding cold PBS and placement 

on ice.  

 

Immunoprecipitation and immunoblotting  

To prepare lysates, cells were washed in PBS and lysed as previously described 123. Briefly, cells were 

resuspended and lysed in lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM MgCl2, 

10% glycerol and 1% NP-40 supplemented with 2 mM sodium orthovanadate, 1 mM sodium fluoride, 1 

mM phenylmethylsulfonyl fluoride (PMSF), and protease Inhibitor Cocktail (Thermo Scientific). Cell 

lysates were resolved by SDS-PAGE, transferred on nitrocellulose membrane, and analyzed by Western 
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blotting with the indicated antibodies. The following antibodies were used for Western blotting: SHP-2 

(D50F2) cat# 3397T, Cell Signaling Technology; Lyn (H-6) Cat# sc-7274 AF790, Santa Cruz 

Biotechnology; HoxA10 (E-11) Cat# sc-271428 AF680, Santa Cruz Biotechnology; ICSBP (IRF8) (E-9) 

Cat# sc-365042 AF680, Santa Cruz Biotechnology; Pdcd-1 (RMP1-30) Cat# sc-56200 AF680, Santa Cruz 

Biotechnology; IL-3/IL-5/GM-CSFRβ (A-3) Cat# sc-398246, Santa Cruz Biotechnology; p-Tyr (PY99) 

Cat# sc-7020 AF790, Santa Cruz Biotechnology. The rabbit polyclonal anti-phospho-Y248 (ITSM) PD-

1 (pPD-1) antibody was developed in our laboratory 89. For conjugation of pPD-1 Ab the Li-COR IRDye 

800CW protein labeling kit for high molecular weight and microscale reactions (Cat# 829-08881) was 

used. Immunoprecipitations were performed with agarose-conjugated antibodies HoxA10 (E-11) Cat# sc-

271428 AC, Santa Cruz Biotechnology; ICSBP (IRF8) (E-9) Cat# sc-365042 AC, Santa Cruz 

Biotechnology; Pdcd-1 (RMP1-30) Cat# sc-56200 AC, Santa Cruz Biotechnology. Briefly, 20 µl of 

agarose slurry/sample were first washed three times with lysis buffer and then were resuspended in 40 µl 

of buffer. For each IP sample, 40 µl of washed agarose-conjugated Ab were mixed with 500-1000 µg of 

cell lysates and incubated overnight at 4oC with gentle rotation. The agarose slurry was then washed three 

times with lysis buffer and boiled 5 min in denaturing sample buffer followed by quick spin. The 

supernatant was analyzed by SDS-PAGE, transferred to a nitrocellulose membrane and blotted with the 

indicated antibodies. Images were visualized, acquired and quantified with Li-COR Odyssey CLx imaging 

system.  

 

RNA sequencing and analysis 

For RNA sequencing, PMN-MDSCs (CD11b+GR1hiLy6G+) were isolated from the spleens of MC17-51 

fibrosarcoma bearing and Shp2f/fLysMCre and Shp2f/f mice by magnetic bead isolation. TAMs were 

isolated from the same mice by cell sorting after using the Live/Dead Fixable Far Read Dead Cell Stain 

kit (ThermoFisher; L34973) to identify live cells, staining with antibodies specific for CD45, CD11b, 

F4/80 and Ly6G and gating on CD45+CD11b+F4/80+Ly6G- live cells.  Total RNA was isolated from the 
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cells using the Qiagen RNeasy Mini Kit (Qiagen, cat# 74104). For each sample, 400 ng of total RNA was 

then used in Illumina’s TruSeq Stranded mRNA Library kit (Cat# 20020594) for polyA mRNA isolation 

and library construction. Libraries were sequenced on Illumina NextSeq 500 as paired-end 42-nt reads 

(Active Motif). Raw sequencing reads were quality-checked using FastQC (v0.11.5) 124 and data were 

pre-processed with Cutadapt (v2.5) 125 for adapter removal following best practices 126. Gene expression 

quantification was performed by aligning against the GRCm38 genome using STAR (v2.7.3a) 127 and 

quantifying reads against Ensembl v98 128 annotated gene loci with featureCounts (Subread 1.6.2) 129. 

Differential gene expression analysis was performed using DESeq2 (v1.24.0) 130, while ClusterProfiler 

(v3.12.0) 131 was utilized for downstream functional investigations. Plots were generated in R using 

ggplot2 (v3.3.3)132, EnhancedVolcano (v1.8.0) 133, and ComplexHeatmap (v2.6.2) 134. Storey’s q value 

was utilized to control family-wise error rate 135. Gene sets used for Gene Set Enrichment Analysis 

(GSEA) are listed in Supplementary Datasets 1 and 2. Sequencing data have been deposited at the Gene 

Expression Omnibus database under the GSE187394 accession.  

 

Metabolite analysis 

Polar metabolites were quantitatively profiled by a positive/negative ion–switching, targeted liquid 

chromatography tandem mass spectrometry (LC-MS/MS)  based metabolomics platform using a 5500 

QTRAP hybrid triple quadruple mass spectrometer (AB/SCIEX) via selected reaction monitoring (SRM) 

as described previously 136.  Briefly, Linneg bone marrow cells cultured with G-CSF and GM-CSF (40 

ng/ml each) for 48 hours using triplicate samples for each condition and sample type. After methanol 

extraction using 80% (v/v) methanol (-80 oC) was carried out, pellets were lyophilized using a SpeedVac 

concentrator using no heat. 20 L of LC/MS grade water were added to resuspend each sample just before 

LC-MS/MS analysis and 5 L of sample were injected onto the autosampler of the LC system (Shimadzu) 

using an amide HILIC column (Waters). Once the SRM data for ~285 metabolites were acquired, peaks 
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were integrated using a software platform for peak area integration MultiQuant 2.1 (AB/SCIEX). Data 

analysis was performed using online MetaboAnalyst 3.0 software. 

 

Statistics  

Statistical analysis for comparison between two groups was determined by Student’s t test, while for 

comparison between three or more groups, ANOVA (*p value <0.05, **p value <0.01, ***p value <0.001, 

**** p value <0.0001) calculated with Prism software (GraphPad Software). 
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Fig. S10. Phagocytes generated from Shp2f/fLysMcre mice have enhanced metabolic activity. 

Fig. S11. Pathway enrichment analysis on the top 500 up-regulated biological features in TAMs.  
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Linneg and Linpos myelocytes.  

Supplementary Table S1. List of DE genes in MDSCs identified by RNA-seq. 

Supplementary Table S2. List of DE genes in TAMs identified by RNA-seq. 

Supplementary Table S3. List of metabolites in bone marrow derived phagocytes.  

Supplementary Table S4. List of antibodies used for flow cytometry. 

Supplementary Dataset 1. Gene sets used for GSEA in MDSCs. 
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Figure Legends 

 

Figure 1. SHP-2 deletion in the myeloid compartment diminishes B16-F10 melanoma tumor 

progression and suppressive function of MDSC.  (A) Shp2f/f, Shp2f/fLckCre and Shp2f/fLysMCre mice 

were inoculated with B16-F10 melanoma cells (1x105 cells/mouse) and tumor size was monitored. (B-C) 

Expression of CD44 was assessed in CD8+ T cells isolated from TDLNs. MFI ± SD (B) and representative 

FACS histograms (C) are shown. (D) Diminished suppressive activity of MDSC isolated from 

Shp2f/fLysMCre tumor-bearing mice. GR1+ MDSCs cells were isolated from the spleens of Shp2f/f, 

Shp2f/fLckCre and Shp2f/fLysMCre tumor-bearing mice and cultured at various ratios with OTI 

splenocytes (2x105cells/well) stimulated with OVA257–264. Mean ± SEM of cpm values are shown. (E-G) 

MDSC from Shp2f/fLysMCre tumor-bearing mice have diminished CD38 expression. Mean percentage ± 

SD, MFI ± SD (E), representative FACS histograms (F) and contour plots (G) of splenic MDSC are shown. 

Results are representative of two independent experiments with four to six mice per group. (* p< 0.05, ** 

p< 0.01, *** p< 0.005). 

 

Figure 2. PD-1 blockade induces anti-tumor responses in Shp2f/f mice but does not further enhance 

anti-tumor responses of Shp2f/fLysMCre mice. (A-C) Shp2f/f and Shp2f/fLysMCre mice were inoculated 

with B16-F10 melanoma (3x105 cells/mouse) and were treated with anti-PD-1 blocking antibody or IgG2a 

control on days 9, 11 and 13 after tumor inoculation. Tumor size was monitored starting on day 7 (A). 

Mice were euthanized on day 15 and tumor weight was measured (B). (D-G) Expression of CD38 is 

decreased by anti-PD-1 antibody treatment in tumor-bearing Shp2fl/fl but not Shp2f/fLysMCre mice. Mean 

percentage ± SD (D), MFI ± SD (E), contour plots (F) and FACS histograms plots (G) of CD38 expression 

in splenic CD11b+GR-1+ cells of tumor-bearing mice treated with anti-PD-1 blocking antibody or IgG2a. 

(H-I) CD44 expression is increased by anti-PD-1 antibody treatment in tumor-bearing Shp2fl/fl but not in 
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Shp2f/fLysMCre mice. MFI ± SD of CD44 expression in CD4+ and CD8+ T cells of TDLN (H) and 

representative histograms of FACS analysis of CD8+ T cells (I). (J-K) Increase of CD4+ and CD8+ TEF 

cells in TDLN of tumor-bearing Shp2f/f but not Shp2f/fLysMCre mice by anti-PD-1 antibody. Mean 

percentage ± SD of TEF (J) and TCM (K) CD4+ and CD8+ cells in TDLNs of Shp2f/f and Shp2f/fLysMCre 

treated with anti-PD-1 blocking antibody or IgG2a. Results are representative of three separate 

experiments with four to six mice per group. (* p< 0.05, ** p< 0.01, *** p< 0.005).  

 

Figure 3. Myeloid-specific SHP-2 deletion diminishes growth of MC17-51 tumor and alters 

monocytic tumor infiltration and T cell activation.  (A-M) Shp2f/f and Shp2f/fLysMCre mice were 

inoculated with MC17-51 cells and tumor size was monitored every two days starting on day 8 (A). Mice 

were euthanized on day 14 and tumor weight was measured (B). (C-D) Representative images of tumor 

bearing mice (C) and harvested tumors (D). (E-H) Increased monocytic cells in tumors of Shp2f/fLysMCre 

mice. Percentage of CD45+CD11b+ cells (E), macrophages, CD11b+Ly6ChiLy6G- monocytic (M-MDSCs) 

and CD11b+Ly6CloLy6G+ (PMN-MDSCs) (F) and representative pseudocolor plots of FACS analysis (G). 

The Ratio of M-MDSC:PMN-MDSC in the tumor site in Shp2f/f and Shp2f/fLysMCre tumor-bearing mice 

was calculated (H).  (I-N) Increased CD4+ and CD8+ TEF cell fractions and activation in TDLN and spleen 

of Shp2f/fLysMCre tumor-bearing mice. Mean percentage ± SD of TEF and TCM CD4+ and CD8+ T cells 

in TDLNs (I) and spleen (L) of Shp2f/f and Shp2f/fLysMCre tumor-bearing mice. Mean percentage ± SD 

and MFI ± SD of CD44 expression in CD4+ and CD8+ cells in TDLN (J) and spleen (M) and representative 

histograms (K, N). Results are representative of four independent experiments with four to six mice per 

group. (* p< 0.05, ** p< 0.01, *** p< 0.005). 

 

Figure 4. SHP-2 deletion promotes myeloid cell differentiation to mature leukocytes with enhanced 

neutrophil-mediated immunity. (A) CD11b+GR1hi cells were isolated from Shp2f/f and Shp2f/fLysMCre 
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MC17-51 tumor-bearing mice and cultured at various ratios with OTI splenocytes stimulated with 

OVA257–264. Mean ± SEM of cpm values is shown. (B-C) Mean percentage ± SD, MFI ± SD (B) and 

histograms (C) of CD38 expression in CD11b+GR-1+ cells from spleen and BM. (D-G) Mean percentage 

± SD and MFI ± SD of MHC-II (D) and CD86 (E) expression in tumor infiltrating CD11b+Ly6G+ and 

CD11b+Ly6C+ cells; mean percentage ± SD, MFI ± SD (F) and histograms (G) of IFN-γ expression in 

tumor infiltrating CD11b+Ly6G+ and CD11b+Ly6C+ cells. Results are representative of three experiments 

with four to six mice per group. (* p< 0.05, ** p< 0.01, *** p< 0.005). (H-I) Differential expression of 

gene transcripts assessed by RNA-seq. Volcano plot (H) of differentially expressed (DE) genes and heat 

map (I) of top 600 DE genes in PMN-MDSC cells isolated from spleens of Shp-2f/f and Shp-2f/fLysMCre 

tumor-bearing mice (qValue < 0.05 for all DEGs, log2FC > 0 and log2FC < 0 for up-regulated and down-

regulated genes, respectively). (J, K, L, M, N, R, S, T) Expression of the indicated genes by PMN-MDSC 

from Shp2f/f and Shp2fl/flLysMCre tumor-bearing mice (data from RNA-seq dataset). (O) Bubble plot of 

significantly enriched pathways (qValue < 0.1) in cells from Shp2fl/flLysMCre mice sorted by GeneRatio. 

(P, Q) Heat maps of differentially expressed genes involved in myeloid cell differentiation (P) and 

neutrophil-mediated immunity (Q) (qValue < 0.05). 

 

Figure 5. SHP-2 deletion increases monocyte and DC specification gene transcripts and imprints an 

effector differentiation program in tumor associated macrophages (TAMs). TAMs were isolated 

from Shp2f/f and Shp2f/fLysMCre MC17-51 tumor-bearing mice and differential expression of gene 

transcripts was assessed by RNA-seq. (A, B) Volcano plot (A) of DE genes and heat map (B) of the top 

6500 DE genes are shown (qValue < 0.05 for all DEGs, log2FC > 0 and log2FC < 0 for up-regulated and 

down-regulated genes, respectively). (C, F, G, H, J, K, L, M, N) Expression of the IRF8 (C), Klf4 (F), 

Zeb2 (G), Batf3 (H), Tlr4 (J), Wdfy1 (K), Trem2 (L), Havrc2 (M) and Prdm1 (N) by TAMs from Shp2f/f 

and Shp2f/fLysMCre tumor-bearing mice (data from RNA-seq dataset). (D-E) Mean percentage ± SD, 

MFI ± SD (D) and representative contour plots (E) of IRF8 expression; (U, V) Mean percentage ± SD, 
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MFI ± SD (U) and representative contour plots (V) of Ifn-γ expression; (I, W) Mean percentage ± SD and 

MFI ± SD of CD86 (I) and IL-10 (W) in TAMs of tumor-bearing Shp2f/f and Shp2f/fLysMCre mice. (O) 

Bubble plot of significantly enriched pathways (qValue < 0.1) in TAMs of Shp2f/fLysMCre mice sorted 

by GeneRatio. (P-S) Heat maps of differentially expressed genes related to macrophage differentiation 

(P), macrophage activation (Q), phagocytosis (R) and TLR signaling (S) are shown (qValue < 0.05). (T-

X) Bubble plot of cytokine pathways (T) and metabolism pathways (X) significantly enriched in TAMs 

(qValue < 0.1) from Shp2f/fLysMCre mice sorted by GeneRatio.  

  

Figure 6. Monocytes from  tumor-bearing Shp2f/fLysMCre obtain long-standing anti-tumor 

properties and transfer anti-tumor protection in naïve hosts. (A) GMPs and MDPs independently 

produce functionally distinct Ly6Chi inflammatory monocytes. GMPs produce classical and ‘‘neutrophil-

like’’ inflammatory monocytes, whereas MDPs produce classical and moDC-producing inflammatory 

monocytes. (B) Experimental schema: Shp2f/fLysMCre mice were implanted with MC17-51 tumors and 

nine days later, CD45+CD11b+Ly6ChiLy6G- monocytes and CD45+CD11b+Ly6C-Ly6G+ neutrophils were 

collected from the bone marrow and implanted into naïve WT tumor bearing hosts together with MC17-

51 tumors. In parallel, a separate group of WT mice received only MC17-51 tumors without myeloid cells.  

(C-D) In all three groups tumor size was monitored every two days starting on day 7 (C). Mice were 

euthanized on day 15 and at termination tumor weight was measured; n=10 per group (D).  

 

Figure 7. (A-C) Bone marrow cells from SHP-2f/f and SHP-2f/f LysMCre mice were cultured for 48h in 

the presence of GM-CSF (10 ng/ml) and IL-3 (5 ng/ml). Cells were lysed and immunoprecipitation was 

performed with the indicated agarose-conjugated antibodies followed by SDS-PAGE and immunoblot 

with the indicated antibodies. (A) The abundance of phosphorylated HOXA10 (assessed by anti-pY blot) 
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was normalized to immunoprecipitated HOXA10 and was expressed as fold change over the value 

obtained in SHP-2f/f cells, defined as 1. Expression of actin in whole cell lysates was used as input. (B) 

The abundance of phosphorylated IRF8 (assessed by anti-pY blot) was normalized to immunoprecipitated 

IRF8 and was expressed as fold change over the value obtained in SHP-2f/f cells, defined as 1. Expression 

of actin in whole cell lysates was examined as input. (C) The abundance of SHP-2 coprecipitated with 

PD-1 was normalized to immunoprecipitated PD-1 and was expressed as fold change over the value 

obtained in SHP-2f/f cells (defined as 1). (D-L) Bone marrow cells from wild type C57BL/6 WT mice 

were cultured for 48h in media alone or in the presence of GM-CSF (10 ng/ml) and IL-3 (5 ng/ml). The 

fractions of Linneg and Linpos cells were assessed (D) and expression of PD-1 and PD-L1 in Linneg and 

Linpos cells was examined. MFI ± SD and representative histograms of PD-1 and PD-L1 expression in 

Linneg (E-H) and Linpos cells (I-L) are shown. (M) Bone marrow cells from wild type C57BL/6 WT mice 

cultured for 48h in the presence of GM-CSF and IL-3 were rested for 3h at 37oC in RPMI-1640 containing 

10 mM HEPES and then were either left untreated or stimulated with GM-CSF (40 ng/ml). At the indicated 

time points the reaction was stopped and lysates were prepared as described in Materials and Methods. 

Immunoprecipitation was performed with agarose-conjugated anti-PD-1 antibody followed by SDS-

PAGE and immunoblot with the indicated antibodies. The abundance of GMCSFR, Lyn, SHP-2 and PD-

1 phosphorylated at Y248 (pPD-1) coprecipitated with PD-1 (left panels) was normalized to 

immunoprecipitated PD-1 and was expressed as fold change over the value obtained in non-stimulated 

cells at the zero timepoint (defined as 1). Expression of indicated proteins in whole cell lysates was also 

examined (right panels). (N-O) Bone marrow cells from wild type C57BL/6 mice were cultured for 48h 

in the presence of GM-CSF (10 ng/ml) and IL-3 (5 ng/ml), alone or with anti-PD-L1 blocking antibody 

(MIH5) (10 µg/ml). Cells were lysed and immunoprecipitation was performed with indicated agarose-

conjugated antibodies followed by SDS-PAGE and immunoblot with the indicated antibodies. (N) The 

abundance of phosphorylated HOXA10 (assessed by anti-pY blot) was normalized to immunoprecipitated 

HOXA10 and was expressed as fold change over the value obtained in cells cultured without PD-L1 
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blocking antibody (defined as 1). Expression of actin in whole cell lysates was also examined as input. 

(O) The abundance of phosphorylated IRF8 (assessed by anti-pY blot) was normalized to 

immunoprecipitated IRF8 and was expressed as fold change over the value obtained in cells cultured 

without PD-L1 blocking antibody (defined as 1). Expression of actin in whole cell lysates was also 

examined as input. 
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Fig. S1. Gating strategy of activated CD4+ and CD8+ T cells in tumor draining lymph nodes. After excluding doublets and dead cells, 

CD3+ T cells were divided into CD4+ and CD8+ T cells. Within the CD4+ and CD8+ gates, expression of CD44 and CD62L was assessed. 



B

Fig. S2. Myeloid-specific but not T cell-specific SHP-2 depletion diminishes growth of MC17-51 tumor growth. (A) Shp2f/f,

Shp2f/fLckcre, and Shp2f/fLysMCre mice were inoculated with MC17-51 fibrosarcoma and tumor volume was monitored. Data shown are 

means of means of four to six mice per group from one representative of two experiments. (B) An image of the tumors isolated from each 

of the three strains at termination is shown. (**p< 0.01).
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Fig. S3: Gating strategy of myeloid subsets in the spleen and tumor site. After excluding doublets and dead cells, myeloid cells were 

identified as CD45+CD11b+. Within the myeloid cells, macrophages are identified as CD11b+F4/80+, M-MDSCs as CD11b+F4/80+Ly6G-

Ly6C+ and G-MDSCs as CD11b+F4/80+Ly6G+Ly6Clow.



B16-F10

A B C D

Fig. S4. Myeloid-specific SHP-2 deletion diminishes growth of B16-F10 tumor and induces increase of M-MDSC. (A-B) B16-F10

melanoma cells were inoculated in Shp2f/f and Shp2f/fLysMCre mice as described in Methods. Tumor volume was monitored for 16 days (A),

and tumor weight was measured at termination (B). (C-E) CD45+CD11b+ myeloid cells (C), CD11b+F4/80+ macrophages,

CD11b+F4/80+Ly6G+Ly6Clow PMN-MDSCs and CD11b+F4/80+Ly6G-Ly6C+ M-MDSC (D) in tumors were assessed. The ratio of M-

MDSC:PMN-MDSC in the tumor site in Shp2f/f and Shp2f/fLysMCre tumor-bearing mice was calculated (E). Representative plots and mean

percentages ± SD in Shp2f/f mice (grey bar) and Shp2f/fLysMCre (black bars) are shown. Results from one representative of four independent

experiment with four to six mice per group are shown (*p< 0.05, **p< 0.01).
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Fig. S5. Myeloid-specific SHP-2 deletion does not affect the expression of co-inhibitory receptors in CD4+ or CD8+ T cells. Expression

of the indicated markers was assessed by flow cytometry in T cells isolated from TDLN of Shp2f/f and Shp2f/fLysMCre mice bearing MC17-

51 tumors. Representative plots and mean percentages ± SD in Shp2f/f mice (grey bar) and Shp2f/fLysMCre (black bars) are shown. Results

from one representative of four independent experiment with four to six mice per group are shown.
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Fig. S6. Myeloid-specific SHP-2 deletion does not affect the expansion or activation of Treg cells. Tregs were identified by flow

cytometry in TDLN of Shp2f/f and Shp2f/fLysMCre mice bearing MC17-51 tumors, (A). The expansion of the indicated markers on Treg cells

was examined (B). Representative of one from five independent experiments with four to 6 mice per group.
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Fig. S7. Diminished suppressive activity of M-MDSC isolated from Shp2f/fLysMCre tumor-bearing mice. CD11b+Ly6ChiLy6G-

monocytic (M-MDSC) cells were isolated from Shp2f/f and Shp2f/fLysMCre tumor-bearing mice and cultured at various ratios with OTI 

splenocytes (1x105cells/well)  stimulated with OVA257–264. Mean ± SEM of cpm values are shown. Results are representative of two separate 

experiments with n=7 mice per group. 



Fig. S8. Pathway enrichment analysis in PMN-MDSC. Pathway enrichment analysis was performed as described in Materials and 

Methods. Relative to those isolated from control tumor-bearing hosts, PMN-MDSC from Shp2fl/flLysMCre tumor-bearing mice were 

enriched for processes involved in autophagy, mitosis, antigen presenting function, phagosome formation, leukocyte migration and Notch 

signaling.
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Fig. S9. Pathway enrichment analysis in TAMs. Pathway enrichment analysis was performed as described in Materials and Methods. 

SHP-2 deficient TAM display upregulation of gene programs related to cytokine and chemokine activity, cytokine expression, antigen 

presentation, autophagy, migration and NF-kB signaling. 
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Fig. S10. Phagocytes generated from Shp2f/fLysMcre mice have enhanced metabolic activity. Linneg bone marrow cells from Shp2f/f and Shp2f/fLysMCre mice 

were cultured with G-CSF and GM-CSF for 48 hours and metabolite analysis was performed. (A) PCA (principal component analysis) showed distinct distribution of 

each group of samples, consistent with a different metabolic profile. (B) Unsupervised hierarchical clustering of top 75 metabolites is shown (log2FC>1). (C) 

Individual graphs of relative peak intensity of representative intermediate metabolites of glycolysis, PPP, TCA cycle in Shp2f/fLysMCre and Shp2f/f mice. Results from 

one representative of two separate experiments are shown.
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Fig. S11. Pathway enrichment analysis using Gene Ontology Biological Process Pathways gene set datasets showing top biological processed 

upregulated in TAMs from Shp2f/fLysMCre mice.



Fig. S12. Culture of bone marrow cells with GM-CSF+IL-3 induces upregulation of PD-1 and PD-L1 in Linneg and Linpos

myelocytes. (A) Linneg bone marrow cells from WT C57BL/6 mice were culture with GM-CSF + IL-3 as described in 

Materials and Methods and the frequency of the indicated cell populations was assessed by flow cytometry. (B-C) 

Expression of PD-1 (B) and PDL-1  (C) in Linneg and Linpos subsets was examined by flow cytometry. (*p< 0.05, **p< 

0.01, ***p <0.005, ****p <0.001). 

PD-1 PD-L1
A B C

GM-CSF+IL-3 culture

24 hours 48 hours 72 hours
0

20

40

60

80

100

%
 p

o
s
it

iv
e
 c

e
ll
s
 

IL-3 / GM-CSF stimulation

Myeloid cells

T cells 

B cells



Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementaryTable3.csv

SupplementaryTable4.pdf

SupplementaryTables1and2.xlsx

SupplementraryDataset1GSEAMDSC.xlsx

SupplementraryDataset2GSEATAMs.xlsx

https://assets.researchsquare.com/files/rs-1198158/v1/0f6dbd4505234dd089b7b606.csv
https://assets.researchsquare.com/files/rs-1198158/v1/6e4eceb73c98f62165fdc831.pdf
https://assets.researchsquare.com/files/rs-1198158/v1/82c2e6643043f078a97568c8.xlsx
https://assets.researchsquare.com/files/rs-1198158/v1/b82f4488d4c94163c20fea36.xlsx
https://assets.researchsquare.com/files/rs-1198158/v1/db0c14c5068c1f6eb6baf0c2.xlsx

	SHP-2_manuscript_122221_NI
	Figure_1_122021
	Figure_2_122021
	Figure_3_122021
	Figure_4_122021
	Figure_5_122021
	Figure_6_122021
	Figure_7_122021
	Supplementtary_Figures_122121

