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Abstract 

 
Background 

PD-1 is a checkpoint receptor that has been shown to inactivate T cells through SHP-2 recruitment. 

However, tumor bearing mice with conditional deletion of SHP-2 in T cells did not demonstrate 

any differences in tumor progression compared to wild type mice. Both PD-1 and SHP-2 are also 

expressed in myeloid cells, including the myeloid cells progenitors. PD-1 deletion in myeloid cells 

can induce differentiation of myeloid progenitors towards mature myeloid cells, while SHP-2 gain- 

of-function mutations are known to be implicated in Acute Myelogenous Leukemia, by preventing 

differentiation, through dephosphorylation of IRF-8 and HOXA10. Nevertheless, no PD-1/SHP- 

2 interaction has been described in primary healthy myelocytes. The goal of this study, is to 

investigate the PD-1 / SHP-2 interaction in myeloid cells in the context of tumor and the role of 

this axis in myeloid cell fate commitment and anti-tumor immunity. 

 

 

Methods 

We generated mice with conditional deletion of Ptpn11 gene (encoding for Shp-2) in myeloid cells 

(Shp2f/fLysMCre), or T cells (Shp2f/fLckCre) and used Shp2f/f mice as control. We also used mice 

with myeloid-specific deletion of the Pdcd1 gene (encoding for PD-1). Tumor cells were injected 

subcutaneously and tumor growth was monitored. We used two different tumor cell lines: MC17- 

51 fibrosarcoma and B16-F10 melanoma. At termination, tumors, spleens and bone marrows were 

collected, processed (details below), and immune populations were identified by flow cytometry. 

For cell isolation we used Fluorescence-Activated Cell Sorting (FACS) and magnetic beads and 

for signaling studies we used bone marrow cells cultured with GM-CSF and IL-3. Methods are 

described in detail bellow. 



Results 

Mice with myeloid-specific SHP-2 ablation had significantly decelerated tumor growth compared 

to mice with T cell-specific SHP-2 ablation or control mice, but did not gain extra benefit from 

PD-1 blockade. SHP-2 deletion in myeloid cells resulted in T cell activation and myeloid cell 

activation and differentiation, while MDSCs had diminished suppressive properties and 

monocytes acquired lasting anti-tumor properties. Furthermore, by using RNA sequencing and 

gene set enrichment analysis in TAMs and PMN MDSCs, we demonstrated that SHP-2 deletion 

enriched gene pathways related to activation, differentiation, phagocytosis and antigen 

presentation in both these myeloid cell types. Myeloid specific PD-1 ablation had very similar 

effects in T cells and myeloid cells, and RNAseq of PD-1 deficient TAMs showed greater than 

50% overlap in gene expression with SHP-2 deficient TAMs. Furthermore, we determined that in 

myeloid cells, GM-CSF induced phosphorylation of PD-1, recruited SHP-2 to the GM-CSF 

receptor and facilitated PD-1-SHP-2 interaction. Finally, either PD-1 or SHP-2 deletion enhanced 

GM-CSF-depended myeloid differentiation by abrogating SHP-2 medicated dephosphorylation of 

IRF8 and HOXA10. 

 

 

Conclusion 

With the current study, we showed that PD-1-SHP-2 interaction can play a role in the 

differentiation of bone marrow myelocytes and myeloid cell progenitors and, subsequently, can 

affect their function and anti-tumor immunity. 



Περίληψη 

 
Εισαγωγή 

Το μόριο προγραμματισμένου θανάτου-1 (PD-1) είναι ένας υποδοχέας των σημείων ελέγχου του 

ανοσοποιητικού συστήματος, ο οποίος απενεργοποιεί τα Τ κύτταρα δια μέσου του SHP-2. 

Παρ’όλ’αυτά, η στοχευμένη διαγραφή του SHP-2 στα Τ κύτταρα σε ποντίκια με καρκινικούς 

όγκους δεν έδειξε κάποια διαφορά στην εξέλιξη των όγκων σε σχέση με τα ποντίκια στην ομάδα 

ελέγχου. Το PD-1, όπως και το SHP-2, εκφράζονται επίσης και στα μυελοκύτταρα, 

συμπεριλαμβανομένων και των πρώιμων μυελοκυττάρων στον μυελό των οστών. Η διαγραφή του 

PD-1 προκαλεί τη διαφοροποίηση των πρώιμων μυελοκυττάρων σε ώριμα μυελοκύτταρα. 

Αντιθέτως, μεταλλάξεις αυξημένης λειτουργικότητας του SHP-2 εμποδίζουν την διαφοροποίηση 

των μυελοκυττάρων μέσω της αποφωσφορυλίωσης του IRF-8 και του HOXA10, και ως εκ 

τούτου εμπλέκεται στην Οξεία Μυελογενή Λευχαιμία. Η αλληλεπίδραση του PD-1 με το SHP-2 

δεν έχει ποτέ μελετηθεί στα μυελοκύτταρα. Ο σκοπός αυτής της μελετης είναι να διερευνήσει 

αυτή την αλληλεπίδραση στα φυσιολογικα μυελοκυτταρα , και να μελετησει τον ρόλο του άξονα 

PD-1/SHP-2 στην αντικαρκινική ανοσία. 

 

 

Μεθοδολογία 

Δημιουργήσαμε ποντίκια με στοχευμένη διαγραφή του γονιδίου Ptpn11 (που κωδικοποιεί την 

πρωτεΐνη SHP-2) στα μυελοκύτταρα (Shp2f/f LysMCre), ή στα Τ κύτταρα (Shp2f/fLckCre) και 

χρησιμοποιήσαμε τα Shp2f/f ποντίκια ως ομάδα ελέγχου. Ομοίως, χρησιμοποιήσαμε ποντίκια με 

στοχευμένη διαγραφή του γονιδίου Pdcd1, που κωδικοποιεί την πρωτεΐνη PD-1. 

Χρησιμοποιήσαμε 2 διαφορετικές καρκινικές κυτταρικές σειρές: MC17-51 κύτταρα 

ινομυοσαρκώματος και B16-F10 κύτταρα μελανώματος. Μετά την ευθανασία των ποντικιών, οι 



όγκοι, οι σπλήνες και οι μυελοί των οστών απομονώθηκαν και επεξεργάστηκαν (όπως 

περιγράφεται πιο κάτω) και οι διάφοροι πληθυσμοί του ανοσολογικού συστήματος 

ταυτοποιηθηκαν με κυτταρομετρία ροής. Για απομόνωση κυττάρων χρησιμοποιήσαμε 

κυτταρομετρία ροής ενεργοποιούμενης από φθορισμό (FACS) και μαγνητικά σφαιρίδια, και για 

τη μελέτη σηματοδότησης χρησιμοποιήσαμε κύτταρα μυελού των οστών σε καλλιέργεια με 

παράγοντα διέγερσης αποικιών από κοκκιοκύτταρα-μακροφάγα (GM-CSF) και ιντερλευκίνη 3 

(IL-3). Η μεθοδολογία περιγράφεται λεπτομερώς πιο κάτω. 

 

 

Αποτελέσματα 

Τα ποντίκια με στοχευμένη διαγραφή του SHP-2 στα μυελοκύτταρα είχαν σημαντική 

επιβράδυνση στην ανάπτυξη του όγκου, σε σχέση με τα ποντίκια με διαγραφή του SHP-2 στα Τ 

κύτταρα ή τα ποντίκια της ομάδας ελέγχου, χωρίς όμως να έχουν επιπλέων όφελος όταν τους 

χορηγήθηκαν αναστολείς του PD-1. Η στοχευμένη διαγραφή του SHP-2 στα μυελοκύτταρα είχε 

ως αποτέλεσμα την ενεργοποίηση των Τ κυττάρων, την ενεργοποίηση και διαφοροποίηση των 

μυελοκυττάρων, την άμβλυνση των κατασταλτικών ιδιοτήτων των κατασταλτικών κυττάρων της 

μυελικής σειράς (MDSCs) και την απόκτηση αντι-καρκινικών ιδιοτήτων μακράς διαρκείας από 

τα μονοκύτταρα. Επιπρόσθετα, χρησιμοποιώντας RNA-seq σε μακροφάγα που βρίσκονται μέσα 

στον όγκο (TAMs) και σε MDSCs με χαρακτηριστικά πολυμορφοπύρηνων, δείξαμε ότι η 

διαγραφή του SHP-2 ενίσχυσε τα γονιδιακά μονοπάτια που σχετίζονται με την ενεργοποίηση, 

διαφοροποίηση, φαγοκυττάρωση και αντιγονοπαρουσίαση από αυτά τα κύτταρα. Η στοχευμένη 

διαγραφή του PD-1 στα μυελοκύτταρα είχε όμοια λειτουργικά αποτελέσματα στα Τ κύτταρα και 

στα μυελοκύτταρα με αυτά που παρατηρήσαμε μετά από τη διαγραφή του SHP-2, ενώ RNA-seq 

σε TAMs από ποντίκια με στοχευμένη διαγραφή του PD-1 στα μυελοκύτταρα έδειξε περισσότερο 



από 50% επικάλυψη σε γονιδιακή έκφραση με τα TAMs που απομονώθηκαν από ποντίκια που τα 

στοχευμένη διαγραφή του SHP-2 στα μυελοκύτταρα. Δείξαμε επίσης ότι στα μυελοκύτταρα, η 

φωσφορυλίωση του PD-1 από το GM-CSF στρατολόγησε το SHP-2 και οδήγησε σε 

αλληλεπίδραση PD-1-SHP-2. Τέλος, η διαγραφή είτε του PD-1, είτε του SHP-2 ειχε σαν συνεπεια 

τη διαφοροποίηση των μυελοκυττάρων μέσω της καταστολής της αποφωσφορυλίωσης του IRF8 

και του HOXA10 από το SHP-2. 

 

 

Συμπέρασμα 

Με την μελέτη αυτή, αποδείξαμε ότι η αλληλεπίδραση του PD-1 με το SHP-2 σε κύτταρα της 

μυελικής σειράς , παίζει ρόλο στη διαφοροποίηση και την ενεργοποίηση τους, και ως εκ τούτου 

μπορεί να επηρεάσει την αντικαρκινική ανοσία. 



Introduction 

 

 
I. Cancer immunotherapy 

 

 
Cancer is the second most common cause of death worldwide [1] . As a result of the scientific 

evolution the last decades and the development of new or more efficient therapies, the prognosis 

of cancer has been improved significantly, and, nowadays, many types of cancers, can be treated 

or even cured [2]. Initially, chemotherapy, surgery and radiotherapy were the milestones of cancer 

treatment. However, the improved understanding of the immune system, and the ability to utilize 

and redirect immune cells against tumor cells, started a new field in cancer therapy, which is now 

wildly known as “cancer immunotherapy”. Many different types of immunotherapy approaches 

have been developed including check-point inhibitors, adoptive cell immune therapy, cancer 

vaccines, cytokine therapies, oncolytic virus immunotherapy and bispecific antibodies [3]. 

 

1. Immune Checkpoint inhibitors 

 

 

Immune checkpoints are molecules physiologically expressed by the immune cells and 

their role is to dynamically regulate immune response. The most well-known and studied 

immune checkpoints are the T cell inhibitory receptors PD-1 and CTLA-4 and their ligands 

are PD-L1 or PD-L2 and CD80 or CD86, respectively [4]. Other checkpoints with similar 

role include TIM-3, TIGIT and LAG-3, GITR and VISTA [5-22]. In the context of tumor, 

immune checkpoint engagement results in cytotoxic T cell inactivation/exhaustion and 

subsequently tumor cells escape [23]. 



- PD-1/PD-L1 inhibitors: PD-1 expression is induced by T cell receptor (TCR)-mediated 

activation of T cells. For PD-1-mediated inactivation of T cells in the tumor 

microenvironment, PD-1-PD-L1 engagement is required. PD-L1 is expressed in tumor 

cells, or other myeloid cells of the tumor microenvironment, especially dendritic cells. 

The PD-1–PD-L1 blockade by using either PD-1 or PD-L1 inhibitors is thought to 

reverse PD-1-induced inactivation, enhancing the anti-cancer properties of T cells 

(figure 1a) [24-26]. Pembrolizumab, Nivolumab and Cemiplimab are the FDA 

approved anti-PD-1 antibodies, while Atezolizumab, Avelumab and Durvalumab are 

the anti-PD-L1 FDA approved antibodies, and they are considered, nowadays, standard 

of care treatment for many malignancies [27]. 

 

Recently, it was shown that PD-1 is also expressed in myeloid cells of the tumor 

microenvironment, but mostly in myeloid progenitors in the bone marrow [28,29]. The 

role of PD-1 in myeloid cells will be discussed later in the project. 

 

- CTLA4 inhibitors: Similarly to PD-1, CTLA4 has a crucial physiological role in 

inducing peripheral tolerance and preventing autoimmunity, as indicated by studies 

with CTLA-4 deficient mice. CTLA4 is the high affinity receptor for CD80 and CD86, 

is expressed upon T cell activation and suppresses activated T cells by competing with 

CD28 for binding on CD80 and CD86 expressed on antigen presentencing cells. Hence, 

CTLA4 interaction with CD80/CD86 blocks T cell activation (figure 1b) [24- 

26,30,31]. Additionally, in antigen presenting cells, CD80 can interact with PD-L1 in 

cis, whereas the engagement between CTLA-4 expressed on Treg and CD80 depletes 

CD80 from APC, by trogocytosis, exposing free PD-L1 to bind with PD-1 in trans and 



inhibit T cell activation [32]. Ipilimumab is the FDA approved anti-CTLA4 medication 

that is used for the treatment of cancer [33]. 

 

Checkpoint inhibitors in cancer immunotherapy work by blocking interactions that 

physiologically maintain tolerance and prevent autoimmunity. As a consequence, immune- 

related adverse effects (irAEs) of checkpoint inhibitors result in the development of 

autoimmune conditions in almost every organ [31]. The description of irAEs induced by 

checkpoint inhibitors is beyond the scope of our present study; such conditions are 

extensively described in recent reviews [26,31]. 

 

Figure 1. Mechanism of action of check-point inhibitors. Figure from Immune-related 

adverse events of checkpoint inhibitors, Nature Reviews Disease Primers, 2020 [26]. 



2. Adoptive cell immune therapy 

 

 

The two main types of adoptive cell immune therapy are chimeric antigen receptor (CAR)- 

T cell immunotherapy and tumor-infiltrating lymphocytes (TILs) immunotherapy [34]. 

 

In CAR-T cells immunotherapy, T cells are collected from the peripheral blood of the 

patient. These T cells are genetically modified in vitro, with the incorporation of synthetic 

receptors that allow the recognition and binding to specific antigens, after the reinjection 

to the patient. Details about the structure and the in vitro modification of CAR-T cells are 

beyond the purpose of this study. CAR-T cell therapies have been approved for some types 

of hematologic malignancies. It is a very promising and innovating approach to cancer 

treatment, however their efficacy is limited by: a) severe toxicities including cytokine 

release syndrome (CRS), hemophagocytic lymphohistiocytosis and macrophage activation 

syndrome, and immune effector cell-associated neurotoxicity syndrome, b) development 

of resistance by tumor cells by decreasing or eliminating the targeted antigen, c) 

development of a hostile tumor microenvironment that limits the trafficking of the CAR-T 

cells near the tumor cells and creates an immunosuppressive environment that interferes 

with CAR-T cells function, d) expression of targeted antigens in healthy tissues resulting 

in “on-target off-tumor effect” [34-38]. 

 

In TIL therapy, T cells located in the tumor microenvironment that have been already 

exposed to tumor cells and tumor antigens, are collected directly from the tumor upon 

tumor resection, expanded in vitro and re-injected to the patient with the goal of detecting 

and killing the remaining tumor cells. TIL therapy has been applied with good results in 



various solid tumors, mostly melanoma. As opposed to CAR-T cells, TILs can detect 

multiple antigens and tumor neoantigens and not only a single antigen which CAR-T cells 

are engineered to recognize. However, like with CAR-T cells, a hostile and 

immunosuppressive tumor microenvironment can limit the effect of adoptively transferred 

TILs. In TIL immunotherapy, tumor resection is required for the collection of the immune 

cells, which can be sometimes very challenging. In addition, even though immune cells 

have been exposed to tumor antigens, cancer cells have the ability to alter/change their 

surface antigens, escaping from the “immune cell attack”. Lastly, similar to CAR-T cell 

therapy, the phenomenon of on-target-off-tumor effect due to binding and recognition of 

targets in healthy tissues cannot be avoided. [34,39-41]. 

 

3. Cancer vaccines 

 

 

The principle on which cancer vaccines are based is to expose host immune cells to 

antigens expressed by the tumor cells and re-direct them against tumor. The cancer vaccine 

antigens can be classified into “predefined” and “anonymous”. Predefined antigens include 

either personalized antigens that can be found in the tumor of certain individuals and used 

in a personalized manner, or shared antigens that can be expressed in the tumors of many 

individuals with cancer. On the other hand, in anonymous antigen vaccines, APCs are 

exposed either ex vivo to tumor antigens after excisional biopsy and then injected to 

patients, or are directly injected at the tumor site and are exposed to tumor antigens in the 

tumor microenvironment [42]. 



4. Cytokine cancer therapies 

 

 

Cytokines are small molecules-messengers produced and secreted by immune, non- 

immune cells or cancer cells and have a central role in the regulation of the immune system 

[43,44]. Cytokines have a crucial role in tumor immunology through promoting or 

inhibiting tumor growth. Cancer inhibiting cytokines can prevent tumor growth by 

activating cytotoxic immune cells, expanding immune cells with anti-tumor capacity and 

inhibiting important processes for tumor progression such as angiogenesis. On the other 

hand, cancer promoting cytokines can accelerate tumor development by inducing cancer 

cell proliferation and immune escape, inhibiting tumor cell apoptosis and contributing to 

angiogenesis and epithelial to mesenchymal transition [45]. Given their central role in 

tumor immunology, several cytokines have been already approved for cancer treatment 

including IL-2 for metastatic renal cell cancer and melanoma and IFNa for melanoma and 

some hematologic malignancies while some other cytokines such as IFNg, IL-7, IL-21, IL- 

12 and GM-CSF are currently in clinical trials [43,46-48]. 

 

5. Other types of cancer immunotherapies: 

 

 

- Oncolytic virus therapy: Oncolytic viruses can infect malignant cells and induce tumor 

cell lysis, and further activation of the adaptive and innate immune system [49] 

 

- Monoclonal antibodies: Monoclonal antibodies are in vitro generated recombinant 

proteins that bind specific epitopes in vivo resulting in enhanced immune response 

against cancer cells via antibody depended cellular cytotoxicity, phagocytosis, or 

complement-depended cytotoxicity [50] 



- Bispecific antibodies: Bispecific antibodies are molecules with two binding sites that 

can recognize and bind two different epitopes simultaneously. The one epitope is 

usually CD3, the universal T cell molecule co-expressed with TCR, and the other 

epitope is a target expressed on cancer cells, with the goal of bringing together T cells 

and target cells, enhancing cytotoxicity [51,52]. 

 

II. Tumor Microenvironment (TME) 

The TME is a very complex, diverse and dynamic environment, that consists of tumor and non- 

tumor cells. The non-tumor component of TME includes immune cells, fibroblasts and structural 

cells that compose the extracellular matrix and the blood vessels. The cell types and the function 

of TME vary based on the type of the tumor, the organ and the stage of the tumor [53]. 

The immune cells of the TME can affect tumor development either by creating a very 

immunosuppressive microenvironment that favorites tumor progression and metastasis, or a TME 

with activated immune cells which mediate anti-tumor properties and limit tumor progression. The 

diverse properties of the tumor immune microenvironment make it a potential therapeutic target 

[53,54]. 

The main populations of immune cells in the TME are: 

 

1. Tumor associated Macrophages (TAMs) 

 

TAMs are the most abundant immune cells of the TME. In mice, TAMs can be identified as 

CD45+CD11b+F4/80+, while in humans as CD11b+CD14+CD163+CX3CR1+HLA-DR+.  TAMs 

consist of a very heterogenous population with either pro-tumorigenic or anti-tumorigenic 

capacity. Pro-tumorigenic Compared to normal macrophages, TAMs have lessened antigen 

presentation capacity with MHC-II downregulation, , and support tumor growth by creating a 

suppressive  environment,  inhibiting  anti-tumorigenic  immune  populations  of  the  TME, 



contributing to angiogenesis, and secreting growth factors that can be utilized by tumor cells. 

Furthermore, metalloproteases produced and secreted by TAMs, can expedite tumor metastasis by 

promoting tumor migration and intravasation. On the other hand, anti-tumorigenic macrophages 

are professional antigen presenting cells, with high MHC-II expression, and superior 

phagocytic/tumor killing properties. Interestingly, anti-tumorigenic TAMs can become pro- 

tumorigenic and vice versa, a phenomenon called plasticity. Plasticity is a potential therapeutic 

target in tumor immunotherapy [55,56]. 

 

 

2. Myeloid-derived suppressor cells (MDSCs) 

 

Tumor cells, and tumor infiltrating immune cells are a constant source of cytokines and danger- 

associated molecular patterns (DAMPs), that can enter the circulation and directly stimulate the 

bone marrow, resulting in the production of immature myeloid cells, named myeloid-derived 

suppressor cells (MDSCs). Produced during a process called emergency myelopoiesis, MDSCs 

are phenotypically similar to their mature myeloid counterparts but have immunosuppressive 

function instead of functioning as protective innate immune cells. There are two major categories 

of MDSCs: a. the polymorphonuclear MDSCs (PMN-MDSCs), that are phenotypically identical 

to fully mature neutrophils and b. the monocytic MDSCs (M-MDSCs), that are that are 

phenotypically identical to fully mature monocytes. MDSCs can suppress T-cell activation, 

leading to a highly immunosuppressed tumor microenvironment and subsequently to tumor 

progression [54,55]. In addition, studies have shown that MDSCs can accumulate in organs distal 

to primary tumor, and contribute to the formation of the metastatic niches [57]. In mice, PMN- 

MDSCs can be identified as CD11b+Ly6G+Ly6Clo and the M-MDSCs as CD11b+Ly6G–Ly6Chi 



while in humans, PMN-MDSCs as CD11b+CD14−CD15+/CD66b+ and M-MDSCs as 

CD14+CD15−HLA-DRlo/– [58]. 

 

 

3. Tumor associated DCs (TADCs) 

 

Dendritic cells, a small minority of tumor infiltrating myeloid cells, are the main antigen- 

presenting cells in the TME, responsible for bridging adaptive and innate tumor immunity. After 

tumor antigen uptake, TADCs migrate to tumor drainage lymph nodes (TDLN), where they can 

present such antigens to naïve T cells, resulting in T cell activation. Like other tumor infiltrating 

myeloid cells, TADCs can also demonstrate pro-tumorgenic properties. PD-L1 and PD-L2 on the 

surface of DCs can interact with PD-1 on T cells, resulting in inhibition of T cell activation and 

proliferation. Furthermore, TME may suppress DCs either by inhibiting their production from 

bone marrow, preventing their accumulation in the tumor, preventing their migration towards the 

TDLNs or directly inhibiting their function. The DC are categorized in classical DC (cDC) type 

1 (cDC1) and type 2(cDC2), plasmacytoid DCs (pDCs) and monocyte-derived DCs, which are the 

four different DC subsets identified in both humans and mice. In mice, DCs can be identified as 

CD45+CD11b+F4/80-MHCII+CD11C+ while in humans as CD45+CD11b+HLA- 

DRhiCD11chiCD14-CD64- [54,59-62]. Further description of each of these groups is beyond the 

purpose of this project. 

 

 

4. Tumor Infiltrating Lymphocytes (TILs) 

 

Another extremely important cell component of TME is the TIL population CD3+CD8+ T cells are 

the main cytotoxic cells T cells of TME which can recognize and directly kill tumor cells by 

releasing perforin, Grz B and IFNg. On the other hand, CD3+CD4+ T cells have a more regulatory 



role, by providing help to CD8+ CTL but also by mediating direct anti-tumor cytolytic function as 

it is currently increasingly identified. . As described above, the first step before T cell activation 

and migration from tumor drainage LNs towards the TME is the tumor antigen presentation by 

professional APCs, such as TADCs. During antigen presentation two different signals are required 

for activation of naive T cells, known as signal 1 and signal 2. During signal 1, APCs present 

antigen on MHC-I or MHC-II which are recognized by the T-cell receptor of CD8+ and CD4+ T 

cells, respectively. Signal 2 comprises of interaction of costimulatory molecules expressed on 

APC, with cognate receptors expressed on T cells. The B7 molecules (CD80 and CD86) expressed 

on APCs, which interact with CD28 expressed on T cells, form the prototype and most extensively 

studied components of Signal 2. This process is counter-regulated by inhibitory checkpoints and 

has been the target of many immunotherapeutic medications, as described above. Activated T cells, 

such as tumor infiltrating T cells, express higher levels of checkpoint inhibitor molecules 

compared to naïve T cells, as a result of activation after antigen encounter. These markers are 

persistently expressed during T cell exhaustion, a phenomenon characterized by the inability of T 

cells to proliferate and acquire effector function, resulting in cancer escape from the immune 

system and subsequently, uncontrolled tumor progression. Notably, checkpoint inhibitor blocking 

immunotherapy has been shown to prevent or even reverse T cell exhaustion [54,63-66]. 

 

 

5. Tregs 

 

Forkhead box protein P3 (FOXP3) positive regulatory T cells (Tregs), identified in both mice and 

humans as CD4+CD25+FOXP3+, are a subset of CD4+ T cells with immunosuppressive properties. 

In healthy individuals, Tregs are responsible for maintaining homeostasis by promoting immune 

tolerance and preventing autoimmunity [67]. In the context of tumor, the importance of Tregs is 



demonstrated by Treg depletion in experimental tumor models, which results in tumor rejection or 

deceleration of growth. Tregs, can suppress anti-tumor immunity via many different mechanisms, 

including CTLA-4 mediated interference in T cells-APCs interaction, production and secretion of 

immunosuppressive cytokines such as TGF-b and IL-10, and consumption of activating cytokines 

such as IL-2 [68]. 

 

 

III. Gating strategy for immune cells of the TME 

As described above, TME is a complex environment consisting of different populations of 

immune and non-immune cells. The identification of myeloid (Figure 2) and T cell (Figure 3) 

populations by flow cytometry requires the use of antibodies against many different protein 

markers. 

 

 

Figure 2. Gating strategy for identification of myeloid cells in the TME using flow cytometry. 



 

 

Figure 3. Gating strategy for identification of T cells in the TME using flow cytometry. 

 

 

 

IV. The role of PD-1 in myeloid cells 

 
PD-1 has been discovered in Kyoto University by Tasuku Honjo and his colleagues [69]. It is a T 

cell inhibitory checkpoint and, as described above, together with its ligand PD-L1, form one of the 

most extensively studied pathways and molecules/targets for tumor immunotherapy. In the TME , 

PD-L1, expressed in tumor cells and antigen presenting cells, interacts with, and activates PD-1 

on tumor infiltrating T cells. PD-1 activation in T cells blunts their anti-tumor properties, resulting 

in tumor immune escape and tumor progression. The use of blocking antibodies, either against 

PD-1 or PD-L1, has been showed to improve anti-tumor immunity [24,25]. 

 

PD-1 has been historically considered as T cell inhibitory checkpoint [70]. However, recent studies 

have identified PD-1 expression in myeloid cells of the tumor microenvironment [29] and myeloid 



progenitors in the BM [28]. PD-1 expression in TAMs has been shown to be negatively associated 

with M1 polarization and phagocytosis [29]. This finding raises the question about the role of PD- 

1 in the myeloid cells. To address this question, genetically modified mice with selective deletion 

of PD-1 in the T cell or the myeloid compartment were generated and mice were injected 

subcutaneously with tumor cells. Interestingly, mice with PD-1 deletion in the myeloid 

compartment developed significantly smaller tumors. In the same study, it was demonstrated that 

the anti-tumor capacity of all major myeloid populations of the TME, MDSCs, DCs, and TAMs, 

is enhanced after deletion of PD-1 in the myeloid compartment. After PD-1 deletion, MDSCs 

became less suppressive, while macrophages and dendritic cells from the tumor microenvironment 

acquired improved antigen presentation properties [28]. 

Finally, PD-1 deletion in the myeloid progenitors of the bone marrow, affected myeloid cell 

differentiation, suggesting that PD-1 can change the fate of myeloid cells very early in the 

differentiation cascade. PD-1 is expressed in myeloid progenitors including common myeloid 

progenitors and granulocyte/macrophage progenitors. During emergency myelopoiesis, 

progenitors are accumulated in the bone marrow and give rise to MDSCs. PD-1 deletion prevented 

the accumulation of immature progenitors and the subsequent generation of MDSCs, resulting in 

improved anti-tumor response [28]. 

 

 

V. The PD-1 – SHP-2 interaction 

PD-1 engagement in T cells results in T cells inactivation, and in the context of tumor, to decreased 

anti-tumor immunity [24,25]. At the molecular level, PD-1 ligation results in recruitment and 

activation of SHP-2 phosphatase [71-74]. PD-1 deletion in myeloid cells resulted in greater anti- 

tumor immunity compared to PD-1 deletion in T cells [28]. However, PD-1 deletion in T cell 



compartment also improved anti-tumor responses compared to control mice [28]. Based on this, 

and given that PD-1 mediates its effect through interaction with SHP-2, one would expect a similar 

effect after ablation of SHP-2 in T cells. Surprisingly, SHP-2 deletion in T cells neither changed 

tumor progression nor did alleviate the benefit of PD-1 blocking antibody [75]. 

As opposed to T cells, the PD-1 – SHP-2 interaction has never been explored in mature myeloid 

cells or myeloid progenitors. PD-1 deletion in the myeloid progenitors resulted in myeloid cell 

differentiation and prevented accumulation of immature cells [28]. On the other hand, SHP-2 gain- 

of-function mutations in myeloid progenitors result in differentiation arrest and development of 

acute myelogenous leukemia [76]. This effect of constitutively activated SHP-2 is mediated 

through altering the phosphorylation and function of transcription factors HOXA10 and IRF8 [77- 

79]. IRF8 is a transcription factor with a central role in myeloid differentiation towards DCs and 

monocytes and away from granulocytes. IRF8 phosphorylation is essential for IRF8 nuclear 

translocation, and SHP-2 phosphatase can block myelocyte differentiation by dephosphorylating 

IRF8 [78,80]. Similarly, HOXA proteins are known for their role in myeloid progenitor 

differentiation. Phosphorylation of HOXA10 decreases its affinity to promoters where it mediates 

repressive function, resulting in the expression of target genes essential for myeloid differentiation. 

SHP-2 mediated dephosphorylation of HOXA10 promotes its binding affinity, resulting in 

suppression of target genes and subsequently blockade of myeloid differentiation [77,81]. 
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The inhibitory receptor PD-1 suppresses T cell activation by recruiting the 

phosphatase SHP-2. However, mice with a T-cell-specific deletion of SHP- 

2 do not have improved antitumor immunity. Here we showed that mice 

with conditional targeting of SHP-2 in myeloid cells, but not in T cells, had 

diminished tumor growth. RNA sequencing (RNA-seq) followed by gene 

set enrichment analysis indicated the presence of polymorphonuclear 

myeloid-derived suppressor cells and tumor-associated macrophages 

(TAMs) with enriched gene expression profiles of enhanced differentiation, 

activation and expression of immunostimulatory molecules. In mice 

with conditional targeting of PD-1 in myeloid cells, which also displayed 

diminished tumor growth, TAMs had gene expression profiles enriched 

for myeloid differentiation, activation and leukocyte-mediated immunity 

displaying >50% overlap with enriched profiles of SHP-2-deficient TAMs. 

In bone marrow, GM-CSF induced the phosphorylation of PD-1 and 

recruitment of PD-1-SHP-2 to the GM-CSF receptor. Deletion of SHP-2 or 

PD-1 enhanced GM-CSF-mediated phosphorylation of the transcription 

factors HOXA10 and IRF8, which regulate myeloid differentiation and 

monocytic-moDC lineage commitment, respectively. Thus, SHP-2 and PD- 

1-SHP-2 signaling restrained myelocyte differentiation resulting in a myeloid 

landscape that suppressed antitumor immunity. 

 

To escape immunosurveillance, cancer cells have developed mecha- 

nisms 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 PD-1 (ref. 1). Tumors 

alter myeloid cells, which constitute a considerable cellular fraction 

of the microenvironment, to suppress antitumor responses. However, 

tumor-infiltrating myeloid cells may also contain immunostimulatory 

subsets, such as tumor-associated macrophages (TAMs) that produce 

proinflammatory cytokines and type 1 classical dendritic cells. Con- 

versely, immunosuppressive myeloid cells include protumorigenic 

TAMs2 and immature myeloid-derived suppressor cells (MDSCs)3. 

The inhibitory receptor PD-1 blocks T cell activation through a 

process attributed to the recruitment of the phosphatase SHP-2 to its 

cytoplasmic tail4. Because of this, it was expected that deletion of SHP-2 

would abrogate the inhibitory pathway activated downstream of PD-1 

receptor. However, T cell-specific deletion of SHP-2 did not improve 
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antitumor immunity and did not alter antitumor responses of these 

mice to PD-1 antibody treatment5 but instead had a detrimental effect 

on tumor progression6. 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 TAMs7. In tumor-bearing 

mice with myeloid-specific deletion of PD-1, diminished accumula- 

tion of MDSCs was observed in the spleen and tumors, while the out- 

put of differentiated effector myeloid cells with monocytic lineage 

dominance was increased7. The molecular mechanisms behind these 

observations remain unclear. 

Temporal activation of SHP-2 is critical for myeloid cell fate. Gain 

of function mutations in SHP-2 with constitutive phosphatase activa- 

tion prevent myeloid differentiation and lead to the accumulation of 

immature myelocytes and development of leukemia8. The transcription 

factors HOXA, which regulate hematopoiesis, are SHP-2 targets9. HOXA 

genes are maximally expressed in committed myeloid progenitors and 

their dysregulation is associated with leukemia10. Tyrosine phospho- 

rylation of the HOXA10 homeodomain during growth factor-induced 

myelopoiesis decreases its binding affinity for target gene promoters 

and abrogates HOXA10-induced transcriptional repression, which 

allows differentiation11. SHP-2 also regulates the phosphorylation of 

the transcription factor IRF8, which is essential for the development 

of monocytes and DCs from monocyte-DC progenitors (MDPs), while 

inhibiting neutrophil differentiation12. IRF8 phosphorylation at Tyr95 in 

the conserved IRF domain is mandatory for nuclear translocation and 

function. SHP-2 dephosphorylates IRF8 and prevents its nuclear locali- 

zation13. Loss of functional IRF8 leads to the generation of MDSCs14. 

Here we showed that in bone marrow myelocytes, GM-CSF induced 

PD-1 phosphorylation, interaction with SHP-2 and PD-1-SHP-2 recruit- 

ment to the GM-CSF receptor. Conditional ablation of either SHP-2 

or PD-1 in myeloid cells resulted in augmented phosphorylation 

of HOXA10 and IRF8 in vitro and enhanced differentiation, activa- 

tion, phagocytosis and inflammatory responses in myeloid cells of 

tumor-bearing mice, leading to diminished tumor growth. 

Results 
Myeloid-specific SHP-2 targeting suppresses tumor growth 
To dissect the role of PD-1-SHP-2 in antitumor immune responses, we 

crossed Shp2f/f mice with mice expressing Cre recombinase under the 

control of the lysozyme (LysM) promoter to induce selective depletion 

of Ptpn11 in myeloid cells (Shp2f/fLysMCre) or under the control of the 

distal Lck promoter to induce selective depletion of Ptpn11 in mature 

T cells (Shp2f/fLckCre). We monitored tumor growth longitudinally for 

2 weeks starting on day 7 post subcutaneous implantation of B16-F10 

melanoma cells. Shp2f/fLysMCre mice had substantially reduced tumor 

growth compared to Shp2f/f mice, while tumor growth in Shp2f/fLckCre was 

similar to Shp2f/f mice (Fig. 1a). Based on the expression of CD44, CD8+ 

T cells in tumor-draining lymph nodes (dLN) of Shp2f/fLysMCre mice had 

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

and control Shp2f/f mice (Fig. 1b,c; gating strategy, Supplementary Fig. 

1). CD44hiCD62Llo T effector cells (hereafter TEF cells) and CD44+CD62Lhi 

central memory T-like cells (TCM-like cells) from tumor-bearing Shp2f/ 
fLysMCre mice had increased expression of IFN-γ (Fig. 1d), indicating 

a state of activation and effector function. In contrast, based on the 

expression of CD44 and IFN-γ, no difference was observed in the acti- 

vation of dLN CD8+ T cells from Shp2f/fLckCre mice compared to Shp2f/f 

tumor-bearing mice (Fig. 1b–d). 

MDSCs isolated on day 14–16 post-implantation from Shp2f/fLysMCre 

mice bearing B16-F10 tumors had substantially diminished immu- 

nosuppressive capacity compared to Shp2f/fLckCre and Shp2f/f MDSCs 

(Fig. 1e), and lower expression of CD38 (Fig. 1f–h), an indicator of 

immunosuppressive MDSC15. PD-1 is expressed in myeloid progenitors 

and immature myeloid cells in tumor-bearing mice and its ablation 

switch the fate of myeloid cells toward inflammatory monocytes and 

DC7. To examine whether PD-1-SHP-2 signaling operated in myeloid 

cells, tumor-bearing mice were treated with PD-1 antibody on days 9, 

11 and 13 after tumor inoculation. Shp2f/f mice displayed a consider- 

able reduction of tumor growth compared to mice receiving control 

IgG2a (Fig. 2a). In contrast, Shp2f/fLysMCre mice, which had diminished 

tumor growth compared to Shp2f/f mice, did not substantially benefit 

from treatment with PD-1 antibody compared to IgG2a (Fig. 2b,c). In 

addition, the numbers and expression of CD38+ MDSC were dimin- 

ished by PD-1 antibody compared to IgG2a treatment in tumor-bearing 

Shp2f/f mice, but not in Shp2f/fLysMCre mice (Fig. 2d–f). Shp2f/fLysM- 
Cre tumor-bearing mice also exhibited enhanced T cell activation 

(Fig. 2g,h) and recruitment of CD4+ and CD8+ TEF cells in dLN (Fig. 2i,j). 

Treatment with PD-1 antibody increased the activation of CD8+ T cells 

(Fig. 2g,h) and the numbers of CD4+ and CD8+ TEF cells in Shp2f/f, but not 

in Shp2f/fLysMCre tumor-bearing mice (Fig. 2i,j), which had more TEF cells 

in dLN in both IgG2a and PD-1 Ab treatment groups (Fig. 2i). As such, 

myeloid-specific SHP-2 deletion induced potent antitumor immunity, 

which was only marginally improved by PD-1 blocking immunotherapy. 

 

Myeloid-specific SHP-2 deficiency alters the lineage fate of 

MDSCs 

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

used an MC17-51 fibrosarcoma mice tumor model, which induces robust 

cancer-mediated emergency myelopoiesis, leading to considerable 

output of bone marrow-derived MDSCs and TAMs16. On week 2 post 

subcutaneous tumor inoculation, tumor growth in Shp2f/fLysMCre mice, 

but not in Shp2f/fLckCre mice (Fig. 3a,b and Extended Data Fig. 1a,b), was 

substantially diminished compared to Shp2f/f mice. MDSCs in the mice 

consist of two major subsets, CD11b+Ly6ChiLy6G− monocytic (M-MDSC) 

and CD11b+Ly6CloLy6G+ polymorphonuclear (PMN-MDSC) cells, which 

have similar morphology and phenotype to normal monocytes and 

neutrophils, respectively, but distinct functions3. We did not observe 

quantitative differences in tumor-infiltrating myeloid cells (Fig. 3c), 

but Shp2f/fLysMCre mice had an increased fraction of M-MDSC in tumors 

(Fig. 3d,e; gating strategy, Supplementary Fig. 2) and an increased 

ratio of M-MDSC/PMN-MDSC (Fig. 3f) compared to control Shp2f/f 

tumor-bearing mice. A similar increase of M-MDSC tumor-infiltrating 

myeloid cells was observed in B16-F10 tumor-bearing Shp2f/fLysMCre 

mice, which also developed smaller tumors (Extended Data Fig. 1c–g) 

compared to Shp2f/f tumor-bearing mice. There was an increase in num- 

ber of CD4+ and CD8+ TEF cells (Fig. 3g,h) and an increase in the frac- 

tion activated CD44+CD8+ T cells (Fig. 3i,j) in dLN, a systemic increase 

of CD4+ and CD8+ TEF and TCM-like cells (Fig. 3k,l) and enhanced T cell 

activation (Fig. 3m,n) in the spleen of Shp2f/fLysMCre compared to Shp2f/f 

MC17-51 tumor-bearing mice. No differences were noted in the expres- 

sion of checkpoint receptors including PD-1, PD-L1, CTLA-4, TIGIT or 

ICOS in CD4+ and CD8+ T cells between tumor-bearing Shp2f/f and Shp2f/ 
fLysMCre (Supplementary Fig. 3) or in the numbers and activation of Treg 

cell in dLNs (Supplementary Fig. 4a,b). Thus, myeloid-specific SHP-2 

ablation led to increased tumor infiltration by Ly6Chi monocytes and 

concomitant recruitment and activation of TEF and TCM cells. 

SHP-2 deficiency induces MDSC differentiation and activation 

At day 15 post MC17-51 tumor injection, PMN-MDSC from Shp2f/fLysMCre 

mice had diminished immunosuppressive function (Fig. 4a) and lower 

expression of CD38 (Fig. 4b,c). M-MDSC from Shp2f/fLysMCre mice also 

had substantially lower immunosuppressive capacity (Supplementary 

Fig. 4c) compared to the respective MDSCs from Shp2f/f mice. M-MDSC 

in tumors from Shp2f/fLysMCre mice had higher expression of MHC II, 

CD86 and IFN-γ than their counterparts in Shp2f/f mice (Fig. 4d–g), 

consistent with an activated and proinflammatory phenotype with 

improved antigen presentation and costimulation capacity in M-MDSC. 

Tumor PMN-MDSC in Shp2f/fLysMCre mice had higher expression of IFN-γ 

than their counterparts in Shp2f/f mice (Fig. 4f,g), indicating that, in the 

context of cancer, deletion of SHP-2 switched the differentiation of 
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Fig. 1 | Myeloid-specific SHP-2 deletion diminished tumor progression 

and suppressive function of MDSC. a, Tumor volume in Shp2f/f, Shp2f/fLckCre 

and Shp2f/fLysMCre mice inoculated with B16-F10 melanoma cells (1 × 105 

cells per mouse) and monitored longitudinally on each day of assessment. 

Data shown are means of n = 6 mice per group and are from one of three 

independent experiments with reproducible results. b–c, Quantification (b) 

and representative flow cytometry (c) of expression of CD44 in CD8+ T cells 

isolated from dLNs of mice as in a. d, Expression of IFN-γ assessed in CD8+ TEM 

and TCM cells from dLN in mice as in a. Mean fluorescence intensity (MFI) ± s.d. 

results are shown. Results are representative of four independent experiments 

with n = 8 mice per group. e, Thymidine incorporation in OTI splenocytes (2 × 105 

cells per well) stimulated with OVA257–264 after the addition of graded numbers 

of GR1+ MDSCs cells isolated from the spleens of tumor-bearing Shp2f/f, Shp2f/ 
fLckCre and Shp2f/fLysMCre mice. Mean ± s.d. of cpm values are shown. Results are 

representative of three separate experiments using n = 9 mice per group and 

four technical replicates per condition. f,g, Representative flow cytometry 

histograms (g) and contour plots (h) of CD38 expression on splenic MDSC from 

Shp2f/f, Shp2f/fLckCre and Shp2f/fLysMCre tumor-bearing mice. Mean percentage 

± s.d., MFI ± s.d.% positive cells results are representative of two independent 

experiments with n = 4 and n = 6 mice per group and reproducible results. 

*P = 0.0023–0.0465, ***P = 0.0001–0.0007, ****P < 0.0001, ANOVA. 

 
 

 

myeloid cells toward proinflammatory neutrophils, and monocytes 

with enhanced antigen presentation and T cell costimulation capacity. 

Upon tumor entry, M-MDSC converts into TAMs that promote 

tumor progression3. To determine the molecular features of the mye- 

loid compartment in tumor-bearing mice, we isolated PMN-MDSC 

from spleens and TAMs from tumors of Shp2f/f and Shp2f/fLysMCre mice 

on day 15 post MC17-51 tumor implantation and analyzed their gene 

expression profile by RNA sequencing (RNA-seq). Gene expression 

analysis showed that among the 17,746 expressed genes, a total of 1,240 

genes (842 upregulated and 286 downregulated) were differentially 

expressed between Shp2f/f and Shp2f/fLysMCre MDSC (Fig. 4h,i and Sup- 

plementary Table 1). Genes involved in leukocyte differentiation and 

function17 were among the top differentially expressed in Shp2f/fLysMCre 

MDSCs compared to Shp2f/f MDSC (Fig. 4i). These included multilin- 

eage hematopoietic progenitor genes such as Klf1, Gata2 and Egr1 

and the neutrophil transcription factors Cebpe and Gfi1 (Fig. 4i,j and 

Supplementary Table 1), consistent with the GMP origin of PMN-MDSC3. 

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)17 

(Fig. 4i,j), and genes expressed in mature, fully differentiated granulo- 

cytes, such as S100a8 and Camp17 (Fig. 4i and Supplementary Table 1) 

were highly expressed in PMN-MDSC from tumor-bearing Shp2f/fLysMCre 

compared to Shp2f/f mice. 

Over-representation and gene set enrichment analysis (GSEA) 

indicated that relative to those isolated from Shp2f/f tumor-bearing 

mice, gene expression profiles of myeloid cells from Shp2f/fLysMCre 

tumor-bearing mice were enriched for processes involved in the regula- 

tion of PRC2-EZH2 targets, phagosome formation, myeloid cell differ- 

entiation, neutrophil-mediated immunity, Notch signaling and HOXA 

targets, and were dominated by functions of antigen processing and 

presentation, myeloid cell migration, mitosis and autophagy (Fig. 4k,l 
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Fig. 2 | PD-1 blockade induced antitumor responses in Shp2f/f mice but not 

in Shp2f/fLysMCre mice. a–c, Tumor size in Shp2f/f (a) and Shp2f/fLysMCre mice (b) 

inoculated with B16-F10 melanoma (3 × 105 cells per mouse) and treated with PD-1 

blocking antibody or IgG2a control on days 9, 11 and 13 after tumor inoculation  

and measured starting on day 7 (a, b) or day 15 (c). Results show means + s.d. are 

representative of three experiments n = 4 mice per group and two experiments 

with n = 5 mice per group. d–f, Quantification (d) and representative flow 

cytometry (e, f) of CD38 expression in spleen PMN-MDSC isolated from mice as in 

a. g,h, Quantification (g) and representative histograms (h) of CD44 expression 

in CD4+ and CD8+ T cells of dLN. i,j, Frequency of CD4+ and CD8+ TEF cells (i) 

and CD4+ and CD8+ TCM-like cells (j) in dLN on Shp2f/f versus Shp2f/fLysMCre mice 
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and Extended Data Fig. 2a). Consistent with these, transcripts of the 

IFN I-inducible genes Rsad2, Ifit2 and Cmpk2, which is required for 

NLRP3 inflammasome activation downstream of IFNR1 signaling 18, 

were substantially elevated (Fig. 4i and Supplementary Table 1), while 

the expression of Trem2, a myeloid receptor that transmits intracellular 

signals promoting immunosuppression function in myeloid cells19, was 

substantially decreased (Fig. 4i,j and Supplementary Table 1) in Shp2f/ 
fLysMCre MDSC compared to Shp2f/f MDSC. Shp2f/fLysMCre MDSCs also 

exhibited lower expression of Msr1, which promotes neutrophil netosis, 

a protumorigenic process, and Xbp1, a classical marker of the unfolded 

protein response, which polarizes tumor-infiltrating myeloid cells to 

highly immunosuppressive MDSC20 (Fig. 4i,j and Supplementary Table 

1). Thus, myeloid cells in tumor-bearing Shp2f/fLysMCre mice were skewed 

away from immunosuppressive MDSC and displayed features of differ- 

entiated neutrophils and properties of neutrophil-mediated immunity. 

 

SHP-2 deficiency reshapes the intratumoral macrophage 

infiltrate 

Next, we examined the transcriptional properties of TAMs isolated 

from tumors of Shp2f/fLysMCre and Shp2f/f mice at day 15 post-tumor 

implantation. Differential gene expression analysis showed that among 

16,749 expressed genes, a total of 7,307 genes (3,650 upregulated and 
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c–e, Percentage of CD45+CD11b+ cells (c), macrophages, CD11b+Ly6ChiLy6G− 
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3,657 downregulated) were differentially expressed between TAMs 

from Shp2f/fLysMCre and Shp2f/f tumor-bearing mice (Fig. 5a,b, Supple- 

mentary Table 2, Extended Data Fig. 2b and Supplementary Fig. 5). 

TAMs from Shp2f/fLysMCre mice had enhanced expression of genes with 

important roles in monocyte, macrophage or DC differentiation and 

function, such as the transcription factors Irf8, Klf4 and Zeb2 (Fig. 5b,c 

and Supplementary Table 2), monocyte signature genes (Cfp, Ly86 

and Csf1R; Supplementary Table 2) and DC specification genes, such 

as the transcription factor Baft3 (Fig. 5b,c and Supplementary Table 

2), which together with Irf8 is required for DC differentiation21, and 

the immunostimulatory molecules CD86 and CD83 and Csf1, Siglec1, 

Clec10 and Slamf7 (Fig. 5b and Supplementary Table 2), which have 

been associated with moDC differentiation22,23. Although our experi- 

mental system was not geared to investigate DC differentiation, these 

findings indicated that TAMs in Shp2fl/flLysMCre mice had enhanced gene 

expression programs identifying monocytes differentiated from MDPs, 

which can give rise to Ly6C+ classical and moDC-producing mono- 

cytes and DC24. We noted increased expression of Nos2 (Fig. 5b), which 

characterizes inflammatory macrophages differentiated from Ly6Chi 

monocytes25; STING (encoded by Tmem173) (Supplementary Table 2), a 

pattern recognition receptor that transmits signals activating IFN type 

I responses26; IFN type I-induced proinflammatory genes Ifit2, Ifit3 and 

Cmpk2 (Fig. 5b); and TLRs and TLR downstream signaling mediators 

such as Unc93b1 and Wdfy1 (Fig. 5b,c and Supplementary Table 2) in 

TAMs of Shp2fl/flLysMCre tumor-bearing mice, indicating an enhanced 

proinflammatory program. Conversely, compared to TAMs isolated 

from Shp2fl/fl mice, TAMs of Shp2fl/flLysMCre had diminished expression 

of inhibitory genes such as Havcr2 (encoding for Tim3), Prdm1, Trem2 

and Wnt (Fig. 5b,c), all of which have detrimental immunosuppressive 

roles in myelocyte-mediated antitumor function19,27,28. 

Pathway enrichment analysis and GSEA showed that TAMs from 

Shp2fl/flLysMCre mice were enriched for genes of macrophage differentia- 

tion and activation, phagocytosis, TLR and NF-kB signaling, cytokine 

and chemokine activity, IL-1 response, cell killing, antigen-presenting 

function and autophagy (Fig. 5d,e and Extended Data Fig. 2b), which 

are associated with antitumor properties of TAMs 29. The differen- 

tially expressed cytokine production pathways included enhanced 

production of IL-10, IL-17, type I IFN and IFN-γ (Fig. 5f,g), proinflam- 

matory IL-6, IL-1α, IL-1β and IL-18 (Fig. 5h and Supplementary Fig. 2b). 

Several chemokines—including Pf4 (CXCL4), which acts as a chemoat- 

tractant for neutrophils and monocytes and enhances T memory cell 

responses and CXL2 and CXL3, which collectively promote monocyte, 

DC, NK and T cell recruitment and macrophage activation, thereby 

mediating a proinflammatory immune response—were upregulated 

in Shp2f/fLysMCre TAMs compared to Shp2fl/fl TAMs (Extended Data Fig. 

2b and Supplementary Table 2). TAMs from Shp2f/fLysMCre mice had an 
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Fig. 4 | SHP-2 deletion promotes myeloid cell differentiation to mature 

leukocytes with enhanced neutrophil-mediated immunity. a, 3H-thymidine 

incorporation (cpm) in OTI splenocytes stimulated with OVA257–264 cocultured 

with PMN-MDSC isolated from Shp2f/f and Shp2f/fLysMCre mice at day 15 post 

inoculation of MC17-51 tumor cells. Mean ± s.d. of cpm values is shown. 

****P < 0.0001 cpm counts obtained by addition of Shp2f/f versus Shp2f/fLysMCre 

PMN-MDSC, unpaired t test. Results are representative of three separate 

experiments using 8–10 mice per group, and three technical replicates 

per condition. b,c, Quantification (b) and representative histograms (c) of 

CD38 expression in PMN-MDSC from spleen and BM in mice as in a. Mean 

percentage ± s.d. d–g, Quantification of MHC II (d) and CD86 (e) expression 

in tumor-infiltrating CD11b+Ly6CloLy6G+ and CD11b+Ly6ChiLy6G− cells and 

quantification (f) and representative histograms (g) of IFN-γ expression in 

tumor-infiltrating CD11b+Ly6CloLy6G+ and CD11b+Ly6ChiLy6G− cells in mice as 

in a. Results are from one of three independent experiments with n = 5 mice per 

group. h,i, Volcano plot of differentially expressed (DE) genes (h) and heat map 

(i) of top 600 DE genes in PMN-MDSC cells isolated from spleens of Shp2f/f and 

Shp2f/fLysMCre tumor-bearing mice and analyzed by bulk RNA-seq (q < 0.05 for all 

DEGs, log2(FC) > 0 and log2(FC) < 0 for upregulated and downregulated genes, 

respectively). j, Expression of the indicated genes in PMN-MDSC from Shp2f/f and 

Shp2fl/flLysMCre tumor-bearing mice (data from RNA-seq dataset). k, Bubble plot of 

substantially enriched pathways (q < 0.1) in cells from Shp2fl/flLysMCre mice sorted 

by GeneRatio. l, Heat maps of differentially expressed genes involved in myeloid  

cell differentiation and neutrophil-mediated immunity (q < 0.05). *P = 0.026, 

***P = 0.0034–0.004, ****P < 0.0001, unpaired t test. 

 
 

 

enhanced signature of multiple metabolic pathways, including lipid, 

carbohydrate and amino acid transport, cholesterol metabolism and 

energy metabolism (Fig. 5i). Enhanced metabolic activity, character- 

ized by glucose and glutamine metabolism, increased levels of amino 

acids and anabolic lipid metabolism were also observed in phagocytes 

generated from the bone marrow of Shp2f/fLysMCre and Shp2f/f mice by 

culture with GM-CSF (Extended Data Fig. 3). Consistent with these find- 

ings, 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 and inflammatory response (Extended 

Data Fig. 4a). 
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To examine whether the properties of myeloid cells from Shp2f/ 
fLysMCre mice had a direct role in the improved antitumor responses, 

we examined antitumor responses after T cell depletion in Shp2f/f and 

Shp2f/fLysMCre mice. T cell depletion increased tumor growth in Shp2f/f 

mice but only marginally increased tumor growth in Shp2f/fLysMCre 

mice, indicating that non-T cell types had a more prominent role in 

mediating antitumor responses in Shp2f/fLysMCre mice (Extended Data 

Fig. 4b,c). These results indicated that myeloid cells from Shp2f/fLysMCre 

tumor-bearing mice developed a program of enhanced proinflamma- 

tory differentiation and features consistent with enhanced antigen 

processing and presentation leading to T cell activation but also had 

an ability to mediate T cell-independent antitumor function. 

 

SHP-2 ablation induces lasting antitumor properties in 

monocytes 

Next, we investigated whether the neutrophils and monocytes in 

tumor-bearing Shp2f/fLysMCre mice mediated lasting antitumor pro- 

tection indicative of trained immunity. At day 9 post MC17-51 tumor 

injection, a time at which tumors had similar size in Shp2f/f and Shp2f/ 
fLysMCre mice, we collected CD45+CD11b+Ly6ChiLy6G− monocytes 

and CD45+CD11b+Ly6CloLy6G+ neutrophils from the bone marrow of 

tumor-bearing Shp2f/fLysMCre mice, mixed them with an equal number 

of MC17-51 tumor cells and injected them subcutaneously into naïve 

wild-type (WT) mice30. There was no difference in tumor growth in 

WT mice that received neutrophils from Shp2f/fLysMCre tumor-bearing 

mice compared to mice that were injected with MC17-51 tumors 

alone, whereas WT mice that received monocytes from Shp2f/fLysMCre 

tumor-bearing mice had substantially reduced tumor growth compared 

to those that were injected with MC17-51 tumors alone (Fig. 6a,b). These 

findings indicated that bone marrow CD45+CD11b+Ly6ChiLy6G− mono- 

cytes in Shp2f/fLysMCre mice had an antitumor function that could be 

transferred to new hosts. 

Development of trained immunity in other models has been 

associated with an expansion of distinct types of hematopoietic pro- 

genitors or mature myeloid cell subsets31. Quantification of distinct 

subsets of myeloid progenitors and mature myeloid cells in the bone 

marrow of tumor-bearing Shp2f/f and Shp2f/fLysMCre mice at day 9 post 

implantation of MC17-51 tumors, before isolation of monocytes and 

neutrophils for adoptive transfer, showed similar number of Lin− 

myeloid progenitors including Flt3+CD115lo CMP, FLT3−CMP, MDP, 

GMP, GP, MP+cMoP or mature differentiated Lin+ myeloid cells, includ- 

ing total CD45+CD11b+ myeloid cells, CD11b+Ly6ChiLy6G− monocytes 

and CD11b+Ly6CloLy6G+ granulocytes at this timepoint (Fig. 6c,d and 

Extended Data Fig. 5). These observations indicated that bone mar- 

row monocytes in Shp2f/fLysMCre tumor-bearing mice were imprinted 

with antitumor properties, while the number of bone marrow myeloid  

progenitors were not altered. 

SHP-2 and PD-1-SHP-2 signaling impede phosphorylation of 

HOXA10 and IRF8 
Next, we examined whether phosphorylation of the SHP-2 targets 

HOXA10 and IRF8 was altered in SHP-2 deficient bone marrow myeloid 

cells. Flow cytometric analysis of bone marrow Lin− myeloid progenitor 

cells cultured with GM-CSF+IL-3 for 3 days indicated that the percent- 

age of Lin− myeloid progenitors had decreased while that of Lin+ cells 

had increased (Extended Data Fig. 6a), and ≥ 95% of the Lin+ cells were 

CD45+CD11b+ myelocytes (Extended Data Fig. 6b), indicating differen- 

tiation of myeloid progenitors. In cell lysates from Shp2f/fLysMCre and 

Shp2f/f bone marrow cultured for 48 h with GM-CSF+IL-3, HOXA10 or 

IRF8 immunoprecipitation followed by immunoblot with a phospho- 

tyrosine antibody showed enhanced HOXA10 or IRF8 phosphoryla- 

tion in myelocytes from Shp2f/fLysMCre myelocytes compared to Shp2f/f 

(Fig. 7a,b). When cultured with GM-CSF with or without IL-3, myeloid 

progenitors and their progeny express PD-1 and PD-L1 (Extended Data 

Fig. 6c,d)7. PD-1 immunoprecipitation followed by SHP-2 immunoblot 

detected a robust PD-1-SHP-2 interaction in GM-CSF+IL-3-cultured 

myelocytes from Shp2f/f but not Shp2f/fLysMCre mice (Fig. 7a,b). 

Erk and mTOR are targets of PD-1 in T cells32, and the 

GM-CSF-mediated activation of Erk and mTOR was reported to be 

enhanced in PD-1-deficient CMPs and GMPs during culture7. During 

culture of primary bone marrow, PD-1 and PD-L1 were expressed at low 

levels in both Lin− and Lin+ cells before treatment with GM-CSF+IL-3 and 

were upregulated after treatment (Fig. 7e and Extended Data Fig. 6c,d). 

In T cells, SHP-2 is recruited to the cytoplasmic tail of PD-1 after tyrosine 

phosphorylation by TCR-mediated activation of Src kinases Fyn and 

Lck33,34. In the myeloid lineage, the βc subunit of the GM-CSF receptor 

(GM-CSFR) represents a major signaling subunit and is tyrosine phos- 

phorylated in response to cytokine stimulation35. The Src kinase Lyn 

can directly associate with GM-CSFR βc subunit. Immunoprecipitation 

with PD-1 antibody followed by immunoblot with phospho-specific 

PD-1 antibody, which recognizes pY248, a site within the conserved 

ITSM motif of PD-1 cytoplasmic tail known to be phosphorylated by 

Src family kinases leading to PD-1 interaction with SHP-2 in T cells33,34, 

showed that GM-CSF induced pY248 and PD-1 interaction with SHP-2 

(Fig. 7d,e). Sequential immunoblot with GM-CSFRβc-specific and 

Lyn-specific antibodies showed that both proteins were detected in 

PD-1 immunoprecipitates (Fig. 7d,e). Thus, GM-CSF-mediated signaling 

in myeloid cells induced the recruitment of PD-1 and SHP-2 phosphatase 

to GM-CSFRβc, a major signaling receptor involved in myelocyte activa- 

tion, proliferation and differentiation. 

Phosphorylation of HOXA10 and IRF8 was increased in whole 

bone marrow cells from Pdcd1f/fLysMCre mice, in which the Pdcd1 gene 

(encoding PD-1) is deleted selectively in the myeloid compartment, 

cultured with GM-CSF+IL-3 for 48 h (Fig. 7f,g) or in WT bone marrow 

cells cultured with GM-CSF+IL-3 for 48 h in the presence of a PD-L1 

blocking antibody, but not in the presence of an isotype-matched 

control antibody (Extended Data Fig. 7). These results indicated that 

PD-1-SHP-2 signaling suppressed HOXA10 and IRF8 phosphorylation, 

which have important roles in myeloid differentiation and lineage fate 

commitment9,13. 

 

PD-1 ablation alters the properties of monocytes and TAMs 
SHP-2 has multiple interactors but is the only direct interacting 

partner for PD-1 identified to date36. Next, we examined whether the 

myeloid-specific PD-1 deletion induced the generation of monocytes 

with antitumor properties and molecular signatures similar to SHP-2 

deficiency. Pdcd1f/fLysMCre mice had smaller tumors during longitudinal 

monitoring after implantation with MC17-51 tumor cells compared to 

control Pdcd1f/f mice (Extended Data Fig. 8a,b), consistent with previ- 

ous observations in different tumor models7. The percentage of IRF8+ 

M-MDSC (Extended Data Fig. 8c) and TAMs (Extended Data Fig. 8d) and 

the expression of CD80 and CD86 in TAMs (Extended Data Fig. 8e) was 

increased in Pdcd1f/fLysMCre tumor-bearing mice compared to Pdcd1f/f 

tumor-bearing mice. 

To determine whether PD-1 deficient monocytes had the abil- 

ity to develop trained immunity and lasting antitumor protection, 

CD45+CD11b+Ly6ChiLy6G− monocytes isolated from the bone marrow 

of Pdcd1fl/flLysMCre or Pdcd1f/f mice on day 9 post injection with MC17-51 

tumor cells, when tumors had comparable size between the two groups, 

were mixed with an equal number of MC17-51 tumor cells and injected 

subcutaneously into naïve WT mice. There was no difference in tumor 

growth between WT mice implanted with MC17-51 tumor cells alone and 

recipients of monocytes from tumor-bearing Pdcd1f/f mice, whereas 

recipients of monocytes from tumor-bearing Pdcd1f/fLysMCre mice 

had substantially reduced tumor growth (Fig. 8a,b), indicating that 

PD-1-deficient monocytes could mediate tumor control. Similar num- 

bers of bone marrow Lin− myeloid progenitors, including Flt3+CD115lo 

CMP, FLT3−CMP, MDP, GMP, GP and MP+cMoP, or mature differenti- 

ated Lin+ myeloid cells, including total CD45+CD11b+ myeloid cells, 

CD11b+Ly6ChiLy6G− monocytes and CD11b+Ly6CloLy6G+ granulocytes, 
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Fig. 5 | SHP-2 deletion increases monocyte and DC specification gene 

transcripts and imprints an effector differentiation program in TAMs. 

a,b, Volcano plot of DE genes (a) and heat map (b) of the top 6,500 DE genes 

in TAMs isolated from MC17-51 tumor-bearing Shp2f/f and Shp2f/fLysMCre mice 

and analyzed by RNA-seq. log2(FC) > 0 and log2(FC) < 0 for upregulated and 

downregulated genes, q < 0.05 for all DEGs, respectively). c, Expression of the 

indicated genes by TAMs from Shp2f/f and Shp2f/fLysMCre tumor-bearing mice 

(data from RNA-seq dataset). d, Bubble plot of substantially enriched pathways 

(q < 0.1) in TAMs of Shp2f/fLysMCre mice sorted by GeneRatio. e, Heat maps of 

differentially expressed genes related to macrophage differentiation, macrophage 

activation, phagocytosis and TLR signaling in TAMs from Shp2f/f and Shp2f/fLysMCre 

tumor-bearing mice (q < 0.05). f,g, Quantification of IRF8, IFN-γ, CD86 and IL-10 

expression (f) and representative flow cytometry of IRF8 and IFN-γ expression (g) 

in TAMs of tumor-bearing Shp2f/f and Shp2f/fLysMCre mice. Results are representative 

of four independent experiments with four to six mice per group. h,i, Bubble plot 

of cytokine pathways (h) and metabolism pathways (i) substantially enriched in 

TAMs (q < 0.1) from Shp2f/fLysMCre mice sorted by GeneRatio. 
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Fig. 6 | SHP-2 ablation induces lasting antitumor properties in monocytes. 

a, Tumor size in naïve WT mice subcutaneously injected with MC17-51 tumor 

cells with or without injection with CD45+CD11b+Ly6ChiLy6G− monocytes or 

CD45+CD11b+Ly6C−Ly6G+ neutrophils isolated from the bone marrow of Shp2f/ 
fLysMCre mice on day 9 post inoculation of MC17-51 tumors. b, Tumor weight 

on day 15 in mice as in a. Results show mean + s.d. Results are from one of two 

experiments with n = 10 mice per group. *P = 0.0104–0.0387, **P = 0.0033, 

ANOVA. c,d, The indicated subsets of Lin- myeloid progenitors (c) and mature 

CD45+CD11b+ myeloid cells and the subsets of CD45+CD11b+Ly6ChiLy6G− 

monocytes (CD11b+Ly6C+) and CD45+CD11b+Ly6C−Ly6G+ neutrophils 

(CD11b+Ly6C+) were assessed in the bone marrow of Shp2f/f and Shp2f/fLysMCre 

tumor-bearing mice on day 9 before collection of monocytes or neutrophils from 

Shp2f/fLysMCre tumor-bearing mice for transfer into the new hosts. Results are 

from one of three separate experiments with n = 5 mice per group. 

 
 

 

were detected in Pdcd1f/fLysMCre and Pdcd1f/f tumor-bearing mice at day 

9 post-tumor inoculation (Extended Data Fig. 8f,g). 

Next, we performed RNA-seq in TAMs isolated from Pdcd1f/fLysMCre 

and Pdcd1f/f tumor-bearing mice. Differential gene expression analysis 

showed that among 16,552 expressed genes, a total of 1,766 genes (846 

upregulated and 920 downregulated) were differentially expressed 

between TAMs from Pdcd1f/fLysMCre and Pdcd1f/f mice (Fig. 8c,d and 

Supplementary Table 3). Pdcd1f/fLysMCre TAMs had enhanced expression 

of genes consistent with myeloid cell differentiation, such as Myadm; 

inflammatory activation, such as Klf7, the dectin-2 family of C-type 

lectin receptors Clec4e, Clec4d and Clec4n; and the paracaspase Malt1 

(Fig. 8d,e and Supplementary Table 3), which together with Clec4n are 

indispensable determinants of responses to PD-1 blocking immuno- 

therapy37. There was also increased expression of Itgax (CD11c), Nr4a2, 

Nr4a3, Egr2, Egr3, Bhlhe40 and CD24 transcripts, which are related to 

DC maturation21(Fig. 8d,e and Supplementary Table 3), indicating that 

Pdcd1fl/flLysMCre TAMs were derived from monocytes differentiated 

from MDPs that could give rise to Ly6C+ classical and moDC-producing 

monocytes, and DC24. 

Consistent with an activated macrophage profile, there was an 

increase of CD80, CD86 (Fig. 8d and Supplementary Table 3), inflam- 

matory mediators, including the TLR downstream mediators Wdfy1 

and CD180 (Fig. 8d,e, Supplementary Table 3 and Extended Data Fig. 

9a), and multiple proinflammatory cytokines, including IL-6, IL-1a, IL-1b 

and IL-23a (Fig. 8d and Supplementary Table 3). Conversely, there was 

a diminished expression of genes that convey immunosuppressive 

functions of TAMs such as Trem2, Mertk, CD163 and Mrc1 (CD206) (Fig. 

8d,e and Supplementary Table 3). Compared to Pdcd1fl/fl TAMs, Pdcd1fl/ 
flLysMCre TAMs had increased expression of Jarid2 (Fig. 8d), a histone 

methyltransferase acting as an accessory subunit for the core PRC, 

recruiting PRC2 complex to target genes and epigenetically regulating 

gene expression38. Pdcd1fl/flLysMCre TAMs had increased expression of 

Hif1a (Fig. 8d and Supplementary Table 3), which promotes glycolysis 

under hypoxia but also serves as an indispensable metabolic media- 

tor of trained immunity39 and pyruvate dehydrogenase phosphatase 

1 (Pdp1) (Fig. 8d,e and Supplementary Table 3), which regulates the 

activation of pyruvate dehydrogenase complex converting pyruvate to 

acetyl-CoA for entry to the TCA cycle and synthesis of itaconate, serving 

a critical metabolic step required by proinflammatory macrophages to 

sustain cytokine production40. In parallel, there was decreased expres- 

sion of Cpt1a, which regulates mitochondrial entry of long-chain fatty 

acids promoting fatty acid oxidation, and a concomitant increase of 

Hmgcs1 (Fig. 8d,e and Supplementary Table 3), the enzyme catalyzing 

condensation of acetyl-CoA with acetoacetyl-CoA to form HMG−CoA 

that is converted into mevalonate, the precursor of cholesterol syn- 

thesis and a mediator of trained immunity41. 

GSEA of the top 500 differentially expressed genes showed that 

Pdcd1fl/flLysMCre TAMs were highly enriched for genes involved in leu- 

kocyte activation and differentiation, chemotaxis, protein secretion 

and inflammatory response, phagocytosis, cytokine and chemokine 

activity, DC differentiation and maturation, and response to type I 

IFNs (Fig. 8f and Extended Data Fig. 9a), all functions associated with 

antitumor properties of TAMs42,43. In addition, there was high enrich- 

ment for genes of signaling pathways, including the MAPK cascade, 

kinase activity, Erk1/2 cascade, Ras and second messenger medicated 

signaling, NF-kB, calcium ion transport, PI3K, PKB, phospholipase activ- 

ity and tyrosine kinase activity (Fig. 8f), signaling pathways targeted 

by PD-1 in T cells32. Pdcd1fl/flLysMCre TAMs were also highly enriched for 

genes involved in oxidative stress response, phospholipid binding 

and lipid transport, glucose homeostasis, amino acid metabolism and 

fatty acid biosynthetic processes (Fig. 8f). Thus, myeloid-specific PD-1 

ablation resulted in the generation of TAMs with enhanced signaling 

and anabolic metabolism. 

Comparison of gene expression and GSEA in transcriptomics 

indicated multiple genes displaying similar changes in Shp2f/fLysMCre 

and Pdcd1fl/flLysMCre TAMs (Fig. 8d and Supplementary Table 4). Among 

the commonly upregulated genes were macrophage activation markers 

such as Myadm, Itgax, the C-type lectin receptors Clec4e, Clec4d and 

Clec4n, type I IFN-induced genes such as Ifi205, Rsad2 and Ifit1, the small 

GTPase Rap1a and the Rap1-interacting partner RIAM (Apbb1ip), which 

has an indispensable role in phagocytosis44; TLR signaling mediators 

such as Wdfy1 and CD180, macrophage activation genes such as KLF7 

and CD86, and metabolic regulators including Hif1a, Pdp1 and Hmgcs1 

(Fig. 8d and Supplementary Table 4). 

Among pathways enriched in the differentially upregulated genes 

in Shp2f/fLysMCre TAMs, 22% overlapped with pathways enriched in 

Pdcd1f/fLysMCre TAMs (Fig. 8g), consistent with multiple signaling inter- 

actions of SHP-2 besides PD-1. Conversely, 59% of the pathways enriched 

in Pdcd1f/fLysMCre TAMs overlapped with pathways enriched in Shp2f/ 
fLysMCre TAMs (Fig. 8g), indicating that the majority of PD-1-mediated 

functions in TAMs were mediated through SHP-2. Common func- 

tional pathways enriched in both datasets included genes involved 

in myeloid cell activation, chemotaxis, proliferation and differen- 

tiation, synapse organization and cell adhesion, leukocyte-mediated 

immunity, TLR signaling and production of inflammatory and effector 

cytokines (Fig. 8h). Common signaling pathways were also enriched 
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Fig. 7 | Ablation of SHP-2 or PD-1 enhances GMC-SF-mediated 

phosphorylation of HOXA1- and IRF8. a, Immunoprecipitation with agarose- 

conjugated antibodies specific for HOXA10, IRF8 or PD-1 followed by SDS-PAGE 

and immunoblot with antibodies specific for pY or HOXA10, IRF8 or PD-1, 

respectively, in cell lysates from Shp2f/f and Shp2f/fLysMCre bone marrow cells 

cultured for 48 h with GM-CSF (10 ng ml−1) and IL-3 (5 ng ml−1). Expression of actin 

in whole-cell lysates was examined as input. b, Abundance of phosphorylated 

HOXA10, IRF8 or PD-1 normalized to immunoprecipitated HOXA10, IRF8 or PD-1 

and expressed as fold change over the value obtained in Shp2f/f cells, defined as 

one. Results are representative of three experiments. c, Expression of PD-1 and 

PD-L1 in Lin− (top) and Lin+ (bottom) cells following 48 h of the bone marrow 

from C57BL/6 WT mice as in a. MFI ± s.d. and representative histograms are 

shown. Results are from one of five experiments with four to six mice per group. 

d, Immunoprecipitation with agarose-conjugated PD-1 antibody followed by 

SDS-PAGE and immunoblot with the indicated antibodies in cell lysates from 

C57BL/6 WT bone marrow cells cultured as in a, rested for 3 h and then either 

left untreated or stimulated with GM-CSF (40 ng ml−1) for the indicated time 

points. e, The abundance of PD-1 phosphorylated at Y248 (pPD-1), SHP-2, GM- 

CSFR(βc) and Lyn coprecipitated with PD-1 from the cell lysates was normalized 

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

value obtained in nonstimulated cells at the zero timepoint (defined as one). 

Expression of indicated proteins in whole-cell lysates was also examined. Results 

from one of two experiments are shown. f, Immunoprecipitation with agarose- 

conjugated HOXA10-specific antibody or agarose-conjugated IRF8-specific 

antibodies followed by SDS-PAGE and immunoblot with antibodies specific 

for pY followed by immunoblot with HOXA10 or Irf8 in bone marrow cells from 

Pdcd1f/f and Pdcd1f/fLysMCre mice cultured as in a. Expression of actin in whole-cell 

lysates was examined as input. g, Quantification of phosphorylated HOXA10 and 

IRF8 was assessed as in b. Results from one of two experiments are shown (f,g). 

**P = 0.0025–0.0084, ***P = 0.0004–0.0084, ****P < 0.0001, t-test. 

 
 

 

in the gene sets of Pdcd1f/fLysMCre and Shp2f/fLysMCre TAMs, including 

Ras pathway activation, kinase activation, MAPK and Erk1/2 cascade, 

second messenger-mediated signaling, calcium ion homeostasis, 

calcium-mediated signaling and NF-kB activation (Extended Data 

Fig. 9b). Thus, TAMs in Pdcd1fl/flLysMCre and Shp2fl/flLysMCre mice were 

governed by molecular mediators that converged in multiple common 

signaling pathways and biological processes. 

IRF8 programms the differentiation of monocytes and DC through 

epigenetic regulation of distinct sets of enhancers in cooperation 

with other transcription factors45. We examined the expression of 

genes recently identified to be induced by IRF8 in mature phagocytic 

cells of the monocyte/DC lineage45. In TAMs from Shp2fl/flLysMCre mice, 

891 (24%) of the 3,650 upregulated genes were IRF8 targets (Fig. 8i 

and Supplementary Table 5) and in TAMs from Pdcd1fl/flLysMCre mice, 

221 (26%) of the 846 upregulated genes were IRF8 targets (Fig. 8j and 

Supplementary Table 5). Common and distinct IRF8-regulated genes 

were upregulated in Shp2f/fLysMCre and Pdcd1f/fLysMCre TAMs (Fig. 8i,j) 

consistent with the ability of IRF8 to cooperate with common and 

distinct transcription factors in different cells, based on differential 

concentrations of IRF8 and the differential presence of cooperating 

transcription factors45. Among the common IRF8 targets upregulated 

in Shp2f/fLysMCre and Pdcd1f/fLysMCre TAMs were the scavenger receptor 

CD36, the costimulatory molecule CD86, the volume-regulated anion 

channel Lrrc8c, which regulates STING activation and production of 

type I interferons, the enzyme Hmgcs1, the transcription factor Egr2, 

the antioxidant mediator Tmx4, macrophage activation genes such as 

Vcan and Clec4n and the cytokine IL-10 (Fig. 8i,j and Supplementary 

Table 5). Among IRF8-target genes upregulated selectively in Shp2f/ 
fLysMCre TAMs were the transcription factors Nr4a1, Maff and Zeb2 (Fig. 

8i), whereas among IRF8 targets upregulated specifically in Pdcd1f/ 
fLysMCre TAMs were the costimulatory molecule CD80, the member 

of the tetraspanin family CD9, the epigenetic regulator Jarid2, and 

the transcription factor Cebpe (Fig. 8j), suggesting enhanced IRF8 

function in SHP-2 and PD-1 deficient TAMs. These results showed that 

TAMs in Pdcd1fl/flLysMCre mice had a transcriptomic profile associated 

with inflammatory differentiation and activation, accompanied by 

enhanced signaling and metabolic reprogramming and considerable 

enrichment of IRF8-regulated genes, and that molecular signatures of 

TAMs in Pdcd1fl/flLysMCre and Shp2fl/flLysMCre mice converged in multiple 

common signaling pathways and biological processes. 

 

IL-10 is involved in the enhanced antitumor immunity 
Although considered an immunosuppressive mediator, IL-10 can have 

a proimmunogenic role with considerable implications in antitumor 

immunity46. Because IL-10, an IRF8-regulated gene45, was upregulated 

in TAMs of Shp2fl/flLysMCre and Pdcd1fl/flLysMCre mice, we examined its 

role in the altered immunological properties of myeloid cells and the 

enhanced antitumor responses in Shp2f/fLysMCre and Pdcd1f/fLysMCre mice. 

In WT, Shp2f/fLysMCre and Pdcd1f/fLysMCre mice treated with IL-10 neutral- 

izing antibody or isotype control on day 9, 11 and 13 post injection with 
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Fig. 8 | PD-1 deletion altered signaling and metabolism, and imprinted 

an effector function program in TAMs. a,b, Tumor size in naïve WT 

mice subcutaneously injected with MC17-51 tumor cells with or without 

CD45+CD11b+Ly6ChiLy6G− monocytes isolated from the bone marrow of Pdcd1f/ 
fLysMCre and Pdcd1f/f mice on day 9 post inoculation of MC17-51 tumors. b, Tumor 

weight on day 15 in mice as in a. Results show mean + s.d. Results are from one of 

two experiments with n = 10 mice per group. **P = 0.0055–0.0079, ***P = 0.0006, 

ANOVA. c,d, Volcano plot of DE genes (c) and heat map (d) of 1,766 genes 

differentially expressed in TAMs isolated from MC17-51 tumor-bearing Pdcd1f/f 

and Pdcd1f/fLysMCre mice and analyzed by RNA-seq. log2(FC) > 0 and log2(FC) < 0 

for upregulated and downregulated genes, q < 0.05 for all DEGs, respectively). 

e, Expression of the indicated genes in TAMs from Pdcd1f/f and Pdcd1f/fLysMCre 

tumor-bearing mice (data from RNA-seq dataset). f. Bubble plot of substantially 

enriched functional, signaling and metabolic pathways (q < 0.1) among the top 

500 DE genes in TAMs of Pdcd1f/fLysMCre mice compared to Pdcd1f/f mice sorted 

by GeneRatio. g, Venn Diagrams depicting the overlap of substantially enriched 

pathways between upregulated DE genes in Shp2f/fLysMCre and Pdcd1f/fLysMCre 

TAMs. h, Bubble plot of common pathways enriched in among the top 500 DE 

genes in Shp2f/fLysMCre and Pdcd1f/fLysMCre TAMs. i,j, Heat maps of the top 6,500 DE 

genes in TAMs of tumor-bearing Shp2f/fLysMCre mice (i) and heat maps of the top 

1,766 DE genes in TAMs of Pdcd1f/fLysMCre mice (j). Representative common (left) 

and distinct (right) IRF8-upregulated genes are annotated. 

 
 

 

MC17-51 tumor cells, there was no difference in tumor growth between 

IL-10 Ab-treated and isotype-treated WT mice, while IL-10 Ab-treated 

Shp2fl/flLysMCre and Pdcd1fl/flLysMCre mice had substantially enhanced 

tumor growth compared to their counterparts treated with isotype 

control Ig (Extended Data Fig. 10a,b). IL-10 Ab treatment did not alter 

the diminished suppressor function of MDSCs from Shp2fl/flLysMCre 

and Pdcd1fl/flLysMCre mice (Extended Data Fig. 10c,d). The fractions of 

myeloid subsets (Extended Data Fig. 10e) and expression of MHC II, 

CD80 or CD86 were similar in TAMs from IL-10 Ab- or isotype-treated 

Shp2f/fLysMCre or Pdcd1fl/flLysMCre mice (Extended Data Fig. 10f), indi- 

cating that IL-10 was not responsible for the diminished suppressor 

function of SHP-2- or PD-1-deficient myeloid cells in this experimental 

system. However, IL-10 had an active role in the enhanced antitumor 

immunity induced by SHP-2 or PD-1 targeting in myeloid cells. 
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Discussion 
Here we showed that SHP-2 and the PD-1-SHP-2 axis regulated mye- 

loid cell differentiation and fate commitment and function in cancer. 

Myeloid-specific SHP-2 or PD-1 ablation-induced myeloid cells with 

enriched gene expression profiles of enhanced differentiation, activa- 

tion, phagocytosis and features of effector differentiation. Monocytes 

from Shp2f/fLysMCre and Pdcd1f/fLysMCre tumor-bearing mice had a direct 

impact on controlling tumor growth and could transfer antitumor 

immunity into naïve hosts. 

SHP-2 and the PD-1-SHP-2 signaling restrained the GM-CSF- 

mediated phosphorylation of HOXA10 and IRF8, which induce myeloid 

differentiation and monocyte/DC lineage commitment, respectively. 

During GM-CSF signaling, PD-1 interacted with Lyn and was phospho- 

rylated at Y248 within the conserved ITSM motif, a site that is phos- 

phorylated by Src family kinases in T cells leading to PD-1 interaction 

with SHP-2 (ref. 34), indicating canonical PD-1-SHP-2 signaling axis was 

operative in myeloid cells, similarly to what has been previously estab- 

lished for B and T lymphocytes32. This myeloid-specific PD-1-SHP-2 axis 

might be particularly important in the context of cancer, where growth 

factors released by cancer cells induce emergency myelopoiesis, and 

directly upregulate PD-1 and PD-L1 expression in myeloid progenitors 

and their progeny, thereby posing a signaling restrain to their effector 

differentiation. 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, before local tumor growth and infiltration 

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

microenvironment. 

We found that targeting SHP-2 in myeloid cells resulted in 

enhanced differentiation of neutrophils and TAMs generated from 

bone marrow-derived monocytes in tumors. Both cell types were 

characterized by enriched gene signatures and pathways linked to 

effector differentiation, leukocyte-mediated immunity, cytokine 

and chemokine production. TAM-mediated chemokine production 

and chemotaxis have been reported to have a tumor-promoting 

effect by recruiting immunosuppressive myeloid cells to tumors47. 

In contrast, chemokine production signatures of TAMs in Shp2f/fLy- 

sMCre and Pdcd1f/fLysMCre tumor-bearing mice were associated with 

diminished tumor growth. This outcome might be explained by the 

differentiated state of SHP-2-deficient and PD-1-deficient myelo- 

cytes that were skewed away from protumorigenic MDSCs and TAMs 

and, instead, had enhanced effector functions promoting antitumor 

immune responses. 

The impact of inhibiting SHP-2 in myeloid cells has been previ- 

ously reported by using allosteric inhibitors of SHP-2 such as SHP099, 

TNO155 (ref. 48) and RMC4550 (ref. 49) to target cancer cells where 

SHP-2 is activated downstream of RTK/Ras signaling and functions as 

an oncogene. Combined approaches of SHP-2 allosteric inhibitors and 

pharmacologic RTK inhibitors or KRASG12C−GDP inhibitors have been 

employed with the main purpose to target signaling vulnerabilities 

in cancer50. Such treatments also altered immune cells of the TME 

but remained elusive whether this was due to a direct effect of these 

compounds on immune cells or a consequence of inhibiting cancer 

growth. Our studies, employing a genetic approach, showed an increase 

of differentiated granulocytes and TAMs with signatures of effector 

differentiation and leukocyte-mediated immunity indicating a direct 

effect in myeloid cells after SHP-2 ablation. 

IL-10, an IRF8-regulated gene45, was increased in SHP-2-deficient 

and PD-1-deficient TAMs, whereas IL-10 neutralization compromised 

the enhanced antitumor immunity of Shp2f/fLysMCre and Pdcd1f/fLysM- 
Cre mice. Myeloid-specific SHP-2 ablation was reported to enhance 

IL-10-mediated immunosuppression in gut macrophages protecting 

mice from intestinal inflammation and carcinogenesis51. In our system, 

we did not find detectable effects of IL-10 in the immunosuppressive 

function of MDSCs or the activation state of TAMs. IL-10 is currently 

emerging as a previously unappreciated regulator of antitumor func- 

tion and a master switch of tumor-promoting inflammation to antitu- 

mor immunity46. This might be mediated by IL-10-receptor-mediated 

recruitment and engagement of STAT3, diminishing procarcinogenic 

IL-6-mediated STAT3 signaling. IL-10 might have direct effects on T cells 

because pegylated IL-10 induced systemic activation and polyclonal 

expansion of CD8+ T cells in cancer patients52. 

Besides IL-10, TAMs from Shp2f/fLysMCre and Pdcd1f/fLysMCre mice had 

increased transcripts of other genes that counteract protumorigenic 

inflammation, compared to Shp2f/f and Pdcd1f/f TAMs. For instance, 

there was an increase in IRAK3, which functions as a negative regula- 

tor of MyD88-mediated proinflammatory activation downstream 

of TLR/IL-1R53. We also found a common increase in the expression 

of Zbtb18, a zinc finger transcriptional repressor recently identified 

to bind promoter/enhancer elements of genes encoding class I PI3K 

regulatory subunits, limiting their expression54. Because TLR/IL-1R 

and PI3K-mediated signaling in myeloid cells promote protumorigenic 

inflammation55, our findings uncovered several mechanisms capable 

of mediating fine-tuning of proinflammatory signaling in SHP-2 and 

PD-1 deficient TAMs. 

IRF8 has a decisive role in the differentiation of monocytes and DC 

via epigenetic regulation of distinct sets of enhancers in cooperation 

with other transcription factors. High, low and null IRF8 expression 

promotes the differentiation of conventional DC, monocytes and 

neutrophils, respectively45. In the absence of SHP-2- or PD-1-mediated 

signals, bone marrow myeloid cells had enhanced IRF8 phosphoryla- 

tion, which is required for IRF8 function13. IRF8 expression is fine-tuned 

at various differentiation stages of the myeloid lineage. Its expression 

starts at the multipotent progenitor stage, substantially increases in 

MDP and further increases in CDP and cells differentiating into the 

DC lineage, whereas it remains relatively low or downregulated in the 

monocytic lineage45. In addition to transcription, IRF8 abundance is 

regulated by post-transcriptional mechanisms through Notch56 and 

c-Cbl ubiquitin ligase57. Future studies are required to determine how 

IRF8 abundance and function are regulated in the context of cancer 

and PD-1-SHP-2 signaling. 

Our results showed that monocytes isolated from the bone 

marrow of SHP-2 and PD-1 deficient tumor-bearing mice could 

transfer antitumor capacity to naïve hosts, a feature previously 

attributed to the development of trained immunity. Neutrophils 

might also develop anticancer-protective trained immunity30; how- 

ever, in our system, we found that monocytes but not neutrophils 

conferred antitumor protection. Of note, IL-1β that drives train- 

ing of monocyte precursors31 was highly increased in SHP-2 and 

PD-1 deficient TAMs, potentially explaining the preferential devel- 

opment of training in monocytes by blockade of the PD-1-SHP-2 

signaling. 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 versus generation of immu- 

nosuppressive MDSCs and TAMs during cancer-driven emergency 

myelopoiesis. Future studies will investigate these new directions of 

central regulation of antitumor responses to cancer immunotherapy 

in patients. 

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 differen- 

tiation and monocyte/DC lineage in the context of cancer, resulting in 

a myeloid landscape that compromises antitumor immunity. 
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Methods 
Mice 
All mice procedures were approved by the Institutional Animal Care and 

Use Committee at Beth Israel Deaconess Medical Center (Boston MA) 

and were in accordance with the National Institutes of Health Guide- 

lines for the Care and Use of Animals. An approved active protocol is in  

place for the investigator (046-2019). The studies are compliant with 

the maximum tumor size permitted by the committee and tumors were 

never allowed to ulcerate. Mice with conditional targeting of the Ptpn11 

gene (encoding for Shp-2) were kindly provided by Dr. Gen-Sheng 

Feng (University of California, San Diego) and have been previously 

described58. Mice with conditional targeting of the Pdcd1 gene (encod- 

ing for PD-1) have been previously described7. Mice expressing Cre 

recombinase under the control of the distal Lck promoter (Strain, 

012837) and mice expressing Cre recombinase under the control of the 

lysozyme (LysM) promoter (Strain, 004781), 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 pur- 

chased from ATCC. B16-F10 cell line was subcloned and subclones with 

intermediate growth rate were selected for use. Eight to twelve weeks 

old mice were used for tumor implantation, and B16-F10 melanoma 

(1 × 105 or 3 × 105 cells per mouse, as described in individual experi- 

ments) or MC17-51 fibrosarcoma (4 × 104 or 1 × 105 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 of 

tumor-bearing mice 9 days after implantation of MC17-51 tumors. 

Further, 0.75 × 105 monocytes or 0.75 × 105 neutrophils were mixed with 

equal number of MC17-51 cells and were injected subcutaneously in new 

WT C57BL/6 hosts. Starting from day 9, tumor size was monitored every 

2 days by a caliper fitted with a Vernier scale. The tumor volume was cal- 

culated by the following formula: tumor volume = 0.5 × width2 × length. 

Mice were killed on days 14–16 after tumor implantation and bone mar- 

rows, spleens, tumors and tumor-draining lymph nodes were collected. 

At termination, tumor weight was also measured. For antibody treat- 

ment experiments, 250 μg of either InVivoMAb 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 mice on 

days 9, 11 and 13 after tumor inoculation and the mice were euthanized 

at day 15. For T cell depletion, mice were injected on day 1 relatively to 

tumor inoculation, and subsequently every third day with 200 μg of 

InVivoMAb antimouse CD3ε (clone 145-2C11 f(ab′)2 fragments, Bio X 

Cell) or hamster IgG f(ab′)2 fragments (BioXCell). For treatment with 

anti-IL-10 antibody, mice were treated with 250 μg of either InVivoMAb 

anti-IL-10 (clone JES5-2A5, BioXCell) or rat IgG1 control (clone HRPN, 

BioXCell) on days 9, 11 and 13 after tumor inoculation. 

 

Cell purification and processing 
Single-cell suspensions were made from spleens, tumor-draining 

lymph nodes, and tumors as previously described7. Briefly, tumors were 

digested by 1 mg ml−1 of Collagenase I in incomplete RPMI and then fil- 

tered through 70 μl strainers, while the spleens and the tumor-draining 

lymph nodes were directly filtered through 70 μl strainers. For flow 

cytometry studies, 1 × 106 were resuspended in 1X PBS supplemented 

with 2.5% FBS and plated in 96-well round bottom plates. Surface 

staining was performed at 4 ºC for 25–30 min with the flow antibod- 

ies listed in Supplementary Table 7. For intracellular staining, Foxp3/ 

transcription factor permeabilization/staining Buffer set (Thermo 

Fischer Scientific) was used according to the manufacturer’s  instruc- 

tions. Intracellular staining was performed at 4 ºC for 35–45 min 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 estab- 

lished methodology7. Briefly, splenic MDSCs were isolated from the 

spleens of mice bearing B16-F10 melanoma or MC17-51 fibrosarcoma, 

by using the EasySep Mouse (CD11b+GR1+) isolation kit (Stemcell Tech- 

nologies, 19867), or the MDSC isolation kit (Miltenyi Biotech, 130-094- 

538) to separate GR1hiLy6G+Ly6C− (PMN-MDSC) and GR1dimLy6G−Ly6C+ 

(M-MDSC) cells. Serial dilutions of MDSCs (2 × 105, 1 × 105, 0.5 × 105, 

0.25 × 105 and 0.125 × 105) were plated in flat bottom 96-well plates with 

2 × 105 splenocytes per well isolated from OTI-TCR transgenic mice 

and 250 ng ml-1 of ovalbumin peptide (OVA257-264) for 72 h. As a control, 

OTI splenocytes were incubated with OVA peptide (OVA257–264) without 

MDSC. 3H-thymidine was added for the last 16 h of a 72 h 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/fLysMCre mice were cultured for 48 h in Iscove’s media 

supplemented with 10% FBS, 2 mmol l−1 glutamine, 100 units per ml 

penicillin–streptomycin, 10 mM Hepes and 20 μM β-mercaptoethanol, 

in the presence of GM-CSF (10 ng ml−1) and IL-3 (5 ng ml−1) (both pur- 

chased from Peprotech). Where indicated, a PD-L1 blocking antibody 

(MIH5) (10 μg ml−1) was added to the cultures for the entire period of 

incubation. For studies of GM-CSF-mediated short-term signaling acti- 

vation, 48 h after culture as described above, cells were rested for 3 h 

at 37 °C in RPMI 1640 containing 10 mM HEPES. Cells were then either  

left unstimulated or resuspended at 10 × 106 cells per ml in prewarmed 

RPMI 1640 containing 10 mM HEPES and were stimulated with GM-CSF 

(40 ng ml−1). 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 in ref. 34. 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 orthova- 

nadate, 1 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride 

and protease Inhibitor Cocktail (Thermo Fischer Scientific). Cell lysates 

were resolved by SDS-PAGE, transferred on nitrocellulose membrane, 

and analyzed by western blotting with the indicated antibodies. The 

following antibodies were used for western blotting: SHP-2 (D50F2) 

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

Biotechnology; HoxA10 (E-11) sc-271428 AF680, Santa Cruz Biotech- 

nology; ICSBP (IRF8) (E-9) sc-365042 AF680, Santa Cruz Biotechnol- 

ogy; Pdcd-1 (RMP1-30) sc-56200 AF680, Santa Cruz Biotechnology; 

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

(PY99) sc-7020 AF790, Santa Cruz Biotechnology. The rabbit polyclonal 

antiphospho-Y248 (ITSM) PD-1 (pPD-1) antibody was developed in our 

laboratory34. For conjugation of pPD-1 Ab, the Li-COR IRDye 800CW 

protein labeling kit for high molecular weight and microscale reac- 

tions (829-08881) was used. Immunoprecipitations were performed 

with agarose-conjugated antibodies HoxA10 (E-11) sc-271428 AC, Santa 

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

Biotechnology; Pdcd-1 (RMP1-30) sc-56200 AC, Santa Cruz Biotech- 

nology. Briefly, 20 μl of agarose slurry/sample was first washed three 

times with lysis buffer and then 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 4 ºC with 

gentle rotation. The agarose slurry was then washed three times with 

lysis buffer and boiled for 5 min in denaturing sample buffer followed by 

a quick spin. The supernatant was analyzed by SDS-PAGE, transferred to 
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a nitrocellulose membrane and blotted with the indicated antibodies. 

Images were visualized, acquired and quantified with Li-COR Odyssey 

CLx imaging system. The abundance of phosphorylated HOXA10 and 

IRF8 was normalized to the immunoprecipitated HOXA10 and IRF8, 

respectively, and was expressed as fold change over the value obtained 

in Shp2f/f cells, defined as one. Expression of actin in whole-cell lysates 

was used as input. The abundance of SHP-2 coprecipitated with PD-1 

was normalized to the immunoprecipitated PD-1 and was expressed 

as a fold change over the value obtained in Shp2f/f cells, defined as one. 

Expression of PD-1 in whole-cell lysates was used as input. 

 

RNA-seq and analysis 
For RNA-seq, PMN-MDSCs (GR1hiLy6G+Ly6C−) 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 (Thermo Fischer Scientific; 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 cells using the Qiagen RNeasy Mini Kit (Qiagen, 74104). For 

each sample, 400 ng of total RNA was then used in Illumina’s TruSeq 

Stranded mRNA Library kit (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)59 and data were pre- 

processed with Cutadapt (v2.5)60 for adapter removal following best 

practices61. Gene expression quantification was performed by aligning 

against the GRCm38 genome using STAR (v2.7.3a)62 and quantifying 

reads against Ensembl v98 (ref. 63) annotated gene loci with feature- 

Counts (Subread 1.6.2)64. Differential gene expression analysis was 

performed using DESeq2 (v1.24.0)65, while ClusterProfiler (v3.12.0)66 

was used for downstream functional investigations. Plots were gen- 

erated in R using ggplot2 (v3.3.3)67, EnhancedVolcano (v1.8.0)68 and 

ComplexHeatmap (v2.6.2)69. Storey’s q value was used to control 

family-wise error rate70. Sequencing data have been deposited in the 

Gene Expression Omnibus database under the accession numbers 

GSE187394 and GSE206207. 

 

Metabolite analysis 

Phagocytes were differentiated from bone marrow of Shp2f/f and Shp2f/ 
fLysMCre mice by culture in Iscove’s media supplemented with 10% fetal 

bovine serum, 2 mmol l−1 glutamine, 100 units per ml penicillin–strep- 

tomycin, 10 mM Hepes and 20 μM beta-mercaptoethanol, in the pres- 

ence of GM-CSF (40 ng ml−1)71. Polar metabolites were quantitatively 

profiled by a positive/negative ion-switching, targeted liquid chro- 

matography–tandem mass spectrometry (LC–MS/MS) based metabo- 

lomics platform using a 5500 QTRAP hybrid triple quadruple mass 

spectrometer (AB/SCIEX) via selected reaction monitoring (SRM) as 

described previously72. Briefly, Linneg bone marrow cells were cultured 

with G-CSF and GM-CSF (40 ng ml−1 each) for 48 h using triplicate sam- 

ples for each condition and sample type. After methanol extraction 

using 80% (vol/vol) methanol (−80 °C) was carried out, pellets were 

lyophilized using a SpeedVac concentrator using no heat. Twenty 

microliter of LC–MS grade water was added to resuspend each sample 

just before LC–MS/MS analysis and 5 μl of sample was 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 

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. 

 

Real-time quantitative PCR 
Total RNA extraction was prepared with the RNeasy Mini Kit from Qia- 

gen, Valencia, CA, according to the manufacturer’s instructions, and 

50 ng of RNA was subjected to quantitative PCR (qPCR) analysis for the 

target genes Clec4n and Cxcl3 using AB 7,000 qPCR machine (Applied 

Biosystems Roche). FAM-conjugated gene-specific primers for target 

genes and the TaqMan One-Step RT-PCR Master Mix reagents and the 

VIC-TAMRA-conjugated 18S RNA housekeeping gene control primers 

were from Applied Biosystems/Roche. 

 

Statistics and reproducibility 
RNA-seq statistical analysis was completed as described above. All 

other statistical analyses were performed using GraphPad Prism 

(GraphPad Software v.9.3.0). Values are given as mean ± s.d. as indi- 

cated. Numbers of experimental replicates are given in the figure 

legends. When two groups were compared, significance was deter- 

mined using an unpaired two-tailed t-test. For comparing more than 

two groups, one-way analysis of variance was applied. P < 0.05 are 

considered as statistically significant (*P < 0.05, **P< 0.01, ***P < 0.001, 

****P < 0.0001). No statistical methods were used to predetermine 

sample sizes, and our sample sizes were similar to those reported in  

the previous publications7,16,19. Mice were assigned randomly to the 

various experimental groups described. Equal numbers of male and 

female mice were used in all experiments. Data collection and analysis  

were not performed blind to the conditions of the experiments. Data 

distribution was assumed to be normal, but this was not formally tested. 

No data points were excluded from the analyses. 

 

Reporting summary 
Further information on research design is available in the Nature Port- 

folio Reporting Summary linked to this article. 

Data availability 
All data generated or analyzed during this study are included in this 

published article (and its supplementary information files). Sequenc- 

ing data have been deposited in the Gene Expression Omnibus database 

under the accession numbers GSE187394 and GSE206207 and are 

publicly available. Source data are provided with this paper. 
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Extended Data Fig. 1 | Myeloid-specific SHP-2 depletion diminishes tumor 

growth. a, Shp2f/f, Shp2f/fLckCre, and Shp2f/fLysMCre mice were inoculated with 

MC17-51 fibrosarcoma cells, tumor volume was monitored longitudinally, and 

comparisons were made on each day of assessment. Data shown are means of 

n = 6 mice per group and are representative of three independent experiments. 

(*p < 0.05, **p < 0.01), ANOVA. b, Representative images of tumors isolated at day 

15 from each of the three experimental group are shown. c, d, Shp2f/f and Shp2f/ 
fLysMCre mice were inoculated with B16-F10 melanoma cells, tumor volume was 

monitored longitudinally (c) and tumor weight was measured at termination on 

day 16 (d). Data are means of n = 5 mice per group and are representative from 

one of four independent experiments. (*p < 0.05, **p < 0.01), unpaired t-test two 

tailed. e-g, The frequencies of CD45+CD11b+ myeloid cells (e), the fractions of 

macrophages, PMN-MDSC and M-MDSC (f) and the ratio of M-MDSC/PMN-MDSC 

(g) in tumors were assessed. Data are representative of means ± SD are shown. 

Results from one representative of 4 independent experiments with n = 4 mice 

per group are shown (*p < 0.05, **p < 0.01), unpaired t-test two tailed. 
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Extended Data Fig. 2 | Distinct transcription signatures in PMN-MDSC and 

TAMs of Shp2f/fLysMCre tumor-bearing mice compared to Shp2f/f tumor- 

bearing mice. a, b, Shp2f/fLysMCre and Shp2f/f mice were injected with MC17-51 

cancer cells and 15 days later, PMN-MDSC (a) were isolated from the spleens, 

TAMs (b) were isolated from tumors, and RNA-seq was performed followed by 

pathway enrichment analysis of DEG. Heat maps of DEG for enriched pathways 

are shown. Differential gene expression analysis was performed using DESeq2. 
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Extended Data Fig. 3 | Phagocytes from Shp2f/fLysMCre and Shp2f/f mice 

have distinct metabolic activities. a, Phagocytes were generated from primary 

bone marrow cells of Shp2f/fLysMCre and Shp2f/f mice using GM-CSF and metabolite 

analysis was performed after 48 hours of culture. Principal component analysis 

(PCA). b, Unsupervised hierarchical clustering of top 75 metabolites (log2FC ≥ 1). 

c, Individual graphs of relative peak intensity of representative intermediate 

metabolites of glycolysis, PPP and TCA cycle. Results from one representative 

of two independent experiments are shown. The amounts of the indicated 

metabolites were plotted in whisker boxes. The lower and upper sides of the box 

indicate the first and third quartile, respectively. The horizontal line inside the 

box indicates the median value, whereas the lower and upper bars indicate the 

minimum and maximum of distribution, respectively. 
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Extended Data Fig. 4 | Myeloid cells of Shp2f/fLysMCre mice have distinct 

molecular and functional properties. a, GO Biological Processes Pathways 

enriched among top 500 upregulated genes in TAMs from Shp2f/fLysMCre 

MC17-51 tumor-bearing mice compared to Shp2f/f MC17-51 tumor-bearing mice, 

collected at day 15 after tumor implantation. Differential gene expression 

analysis was performed using DESeq2 and ClusterProfiler (v3.12.0) was utilized 

for downstream functional investigations. b, c, Shp2f/f and Shp2f/fLysMCre 

mice injected with MC17-51 fibrosarcoma were treated with either anti-CD3 

antibody or control IgG at day -1 relative to tumor injection and subsequently 

every third day, and tumor growth was monitored for 12 days (b). Results show 

means of tumor volume and are representative of one from two independent 

experiments with n = 10 mice per group, (***p < 0.001) unpaired t-test two tailed. 

c, At termination, expression of lymph node CD4+ and CD8+ T cells was assessed 

by flow cytometry. One representative histoplot of each treatment condition 

generated from Shp2f/fLysMCre mice is shown. (In this experiment, the number of 

injected MC17-51 cells was reduced by 50% because, after T cell depletion, tumors 

in Shp2f/f mice rapidly exceeded the permitted size). 
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Extended Data Fig. 5 | Differentiation and identification of myeloid progenitors. a, b, Model for myeloid cell differentiation (a) and gating strategy (b) for 

characterization of bone marrow Lin−myeloid progenitors. Identification of the progenitor subsets numbered in the histograms is shown.  
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Extended Data Fig. 6 | Culture of bone marrow cells with GM-CSF + IL-3 

induces PD-1 and PD-L1 expression in Lin− and Lin+ myelocytes. a b, Bone 

marrow cells from WT C57BL/6 mice were cultured with GM-CSF (10 ng/ml) and 

IL-3 (5 ng/ml) for 24, 48 and 72 hours. Changes in the Lin− and Lin+ populations 

were examined at 48 hours of culture (a). The frequency of the differentiated  

myeloid cells (CD45+CD11b+), B cells (B220+) and T cells (CD3+) was assessed 

by flow cytometry at the indicated time points (b). c, d, Expression of PD-1 (c) 

and PD-L1 (d) in Lin− and Lin+ subsets examined by flow cytometry at 72 hours 

of culture. Results are from one of five independent experiments with n = 5 

biological replicates per group (**p < 0.01, ***p < 0.005, ****p < 0.001) unpaired 

t-test two tailed. 
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Extended Data Fig. 7 | Enhanced HOXA10 and IRF8 phosphorylation in 

myeloid cells during culture with GM-CSF and IL-3 in the presence of 

anti-PD-L1 blocking antibody. a, b, Bone marrow cells from C57BL/6 wild- 

type mice were cultured for 48 hr in the presence of GM-CSF (10 ng/ml) and 

IL-3 (5 ng/ml), with either IgG control of anti-PD-L1 blocking antibody (MIH5) 

(10 μg/ml). Cell lysates were prepared and immunoprecipitation was done 

with agarose-conjugated HOXA10-specific antibody or agarose-conjugated 

IRF8-specific antibody followed by SDS-PAGE and immunoblot with anti-PY and 

HOXA10 antibodies or anti-PY and and IRF8 antibodies (a). The abundance of 

phosphorylated HOXA10 was normalized to immunoprecipitated HOXA10 and 

the abundance of phosphorylated IRF8 was normalized to immunoprecipitated 

IRF8 and were expressed as fold change over the relevant values obtained in cells 

cultured without PD-L1 blocking antibody (defined as 1) (b). Expression of actin 

in whole cell lysates was also examined as input. Images were visualized, acquired 

and quantified with Li-COR Odyssey CLx imaging system. Results are from one 

of three independent experiments. Values of three separate quantifications per 

condition are shown. 
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Extended Data Fig. 8 | Myeloid-specific deletion of PD-1 induces antitumor 

immunity, and increased numbers of IRF8+ M-MDSC and TAMs, and CD80+ 

and CD86+ TAMs. a, b, Pdcd12f/f and Pdcd1f/fLysMCre mice were inoculated with 

MC17-51 cells. Tumor volume was monitored longitudinally (a) and tumor weight  

(b) was measured at termination on day 15 after injection. Results show means 

of tumor volume (a) and means ± SD of tumor weight (b) and are representative 

of four independent experiments with n = 6 mice per group, (**p < 0.01, 

****p < 0.0001), unpaired t-test two tailed. c-e, M-MDSC (c), and TAMs (d, e) were 

examined for the expression of IRF8, CD80 and CD86 by flow cytometry. Means 

± SD of % positive cells and MFI are shown. Results are from one representative 

of four independent experiments with n = 6 mice per group (**p < 0.01, 

****p < 0.0001) unpaired t-test two tailed. f, g, At day 9 after tumor implantation, 

bone marrow was collected and flow cytometry was used to identify the subsets 

of Lin− myeloid progenitors (f) using the gating strategy shown in Extended Data 

Fig. 5, the mature CD45+CD11b+ myeloid cells, and the subsets of Ly6ChiLy6G− and 

Ly6CloLy6G+ cells (g). 
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Extended Data Fig. 9 | Distinct transcription signatures in TAMs of Pdcd1f/ 

fLysMCre tumor-bearing mice compared to Pdcd1f/f tumor-bearing mice 

TAMs. a, Pdcd1f/fLysMCre and Pdcd1f/f mice were injected with MC17-15 cancer cells 

and 15 days later, TAMs were isolated from tumors and RNA-seq was performed 

followed by pathway enrichment analysis of DEG. Heat maps of DEG for enriched 

pathways are shown. b, Shp2f/fLysMCre and Pdcd1f/fLysMCre mice were injected 

with MC17-51 fibrosarcoma and at day 15 after injection, TAMs were collected 

from tumors and RNA-seq was performed followed by GO analysis of DEG. GO 

Biological Processes of common signaling pathways enriched among top 500 

DEG in TAMs from Shp2f/fLysMCre and Pdcd1f/fLysMCre tumor-bearing mice are 

shown. Differential gene expression analysis was performed using DESeq2 and 

ClusterProfiler (v3.12.0) was utilized for downstream functional investigations. 
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Extended Data Fig. 10 | IL-10 neutralization compromises the enhanced anti- 

tumor responses of Shp2f/fLysMCre and Pdcd1f/fLysMCre mice. a-f, Wild type, 

Shp2f/fLysMCre and Pdcd1f/fLysMCre mice were injected with MC17-51 cancer cells and 

were subsequently treated with anti-IL-10 Ab or control IgG1 on days 9, 11, and 13 

after tumor inoculation. Tumor volume (a) was monitored longitudinally and  

tumor weight (b) was measured at termination on day 15 after injection. Results  

are representative of two separate experiments with n = 10 mice per group. 

At day 15 after tumor injection, GR1+MDSC were isolated from the spleens of 

wild-type mice treated with IgG, and from Shp2f/fLysMCre (c) and Pdcd1f/fLysMCre (d) 

tumor-bearing mice treated with anti-IL-10 Ab or IgG and were cultured at various 

ratios with splenocytes from OTI transgenic mice (2×105cells/well) stimulated 

with OVA257-264. Results show Means ± SEM of cpm values of 3H-thymidine 

incorporation and are representative of two separate experiments with n = 4 

mice per group. At day 15 after tumor injection, the fractions of the indicated 

cell populations (e), and the expression of MHC II, CD80 and CD86 (f) at the  

tumor site, were examined by flow cytometry. Data show Means ± SD and are 

representative from one of two independent experiments with n = 5 Shp2f/fLysMCre 

mice per group (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) unpaired t-test 

two tailed. 
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The complex role of tumor-infiltrating macrophages 

Anthos Christofides1,2,3, Laura Strauss1,2,3,5, Alan Yeo3, Carol Cao1,2,4, Alain Charest  2,3 and 

Vassiliki A. Boussiotis 1,2,3 ✉ 

Long recognized as an evolutionarily ancient cell type involved in tissue homeostasis and immune defense against pathogens, 
macrophages are being re-discovered as regulators of several diseases, including cancer. Tumor-associated macrophages 
(TAMs) represent the most abundant innate immune population in the tumor microenvironment (TME). Macrophages are pro- 
fessional phagocytic cells of the hematopoietic system specializing in the detection, phagocytosis and destruction of bacteria 
and other harmful micro-organisms, apoptotic cells and metabolic byproducts. In contrast to these healthy macrophage func- 
tions, TAMs support cancer cell growth and metastasis and mediate immunosuppressive effects on the adaptive immune cells 
of the TME. Cancer is one of the most potent insults on macrophage physiology, inducing changes that are intimately linked with 
disease progression. In this Review, we outline hallmarks of TAMs and discuss the emerging mechanisms that contribute to their 
pathophysiological adaptations and the vulnerabilities that provide attractive targets for therapeutic exploitation in cancer. 

 

acrophages are professional phagocytic cells specialized 
in the detection, phagocytosis and destruction of harm- 
ful organisms, apoptotic cells, insult-related debris, and 

metabolic byproducts, providing immediate defense1. After ingest- 
ing pathogens through phagocytosis, macrophages can directly 
present peptide antigens through the major histocompatibility 
complex class II (MHCII) to activate T helper cells. In contrast to 
dendritic cells (DCs), which present antigens in the lymph nodes 
and activate naive T cells, macrophages present antigens within tis- 
sues and cannot induce naive T cell activation2. Macrophages detect 
pathogen-associated molecular patterns (PAMPs), such as bacterial 
products, and damage-associated molecular patterns (DAMPs) pro- 
duced in response to trauma, ischemia, or tissue damage. For this 
process, they use a system of pattern recognition receptors (PRRs), 
such as Toll-like receptors (TLRs), which can bind specifically to 
pathogen components like bacterial lipopolysaccharides (LPS), 
RNA, DNA, or extracellular proteins, leading to the activation of 
signaling cascades and production of inflammatory mediators3. As 
a consequence, macrophages release soluble factors, such as cyto- 
kines, enzymes, or metabolites that affect other immune cell types. 
These steps can be subverted, resulting in a causal association of 
macrophages with diseases4. 

In the adult host, macrophages originate mainly from blood 
monocytes produced from bone marrow (BM) myeloid progeni- 
tors, which leave the circulation to differentiate into macrophages 
in tissues. Macrophages generated during earlier stages of ontogeny, 
mainly from the yolk sac or fetal liver, also exist in various tissues5. 
These embryonic-derived macrophages persist throughout life as 
tissue-resident macrophages (TRMs) and participate in cancer evo- 
lution and metastasis. The adult bone marrow gives rise to Ly6C− 

(nonclassical) patrolling monocytes that detect pathogens and 
maintain vessel integrity6,7, and to Ly6C+ (classical) inflammatory 
monocytes, which are recruited to sites of infection, tissue injury 
and tumors. The Ly6C+ monocytes continuously replenish DCs in 
a process controlled by FLT3, generating monocyte-derived DCs 
(moDCs)5,8. Despite their distinct origins, the differentiation and 
expansion of all monocyte and macrophage lineages are regulated 
by CSF1R (a receptor of colony stimulating factor 1) and its ligands, 

IL-34 and CSF1 (refs. 9,10). In some organs, such as kidney, liver, 
brain, and lung, macrophages originating from BM-derived mono- 
cytes co-exist with embryonically derived TRMs. Lineage-tracing 
studies have shown that microglia are primarily derived from the 
yolk-sac progenitors, whereas Kupffer cells of the liver have a mixed 
origin, from the yolk sac and fetal liver11,12. Major embryonically 
derived TRM populations are found in skin, spleen, pancreas, liver, 
brain, and lung13. In such tissues, the distinct origin of macrophages 
is of particular importance in the context of cancer, where TRMs 
and bone-marrow-derived TAMs differentially accumulate in 
primary versus metastatic tumors14,15. 

TAMs are the most abundant immune population of the TME, 
representing ~50% of hematopoietic cells, and have heterogeneous 
properties spanning from anti-tumorigenic to pro-tumorigenic16. 
Antitumorigenic TAMs retain properties of antigen-presenting 
cells (APC), including high expression of MHCII, phagocytotic, 
and tumor-killing activity. Antitumorigenic TAMs secrete proin- 
flammatory cytokines that support and activate adaptive immune 
cells17. In contrast, pro-tumorigenic TAMs are immunosuppressive 
and are characterized by low expression of MHCII and expres- 
sion of inhibitory molecules such as PD-1, PD-L1, VISTA, B7-H4 
and Tim3 (refs. 18–24). Cues in the TME, including tumor-secreted 
soluble factors and metabolites, have been extensively studied 
and have been found to have an instrumental role in promot- 
ing the pro-tumorigenic features of TAMs, while suppressing 
the anti-tumorigenic features25. The inherent ability of TAMs to 
alter their properties, defined as plasticity, can cause significant 
changes that result in the generation of TAM subsets characterized 
by distinct abilities to support tumor growth and metastasis26,27. 
The distinct properties of TAMs are potential therapeutic targets 
(reviewed in ref. 28). 

Classical and patrolling monocytes 
In tumor-bearing hosts, there is an increased output of classical 
Ly6C+ monocytes from BM myeloid progenitors, specifically com- 
mon myeloid progenitors (CMPs) and granulocyte-macrophage 
progenitors (GMPs), which expand during cancer-mediated emer- 
gency myelopoiesis (Fig. 1a)29. Strong activation signals, such as 
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Fig. 1 | In tumor-bearing hosts, tumor-released factors drive increased production and output of classical Ly6C+ monocytes and MDSCs from myeloid 

progenitors of the BM. a–c, After egress, BM-derived monocytes, M-MDSCs, and PMN-MDSCs are recruited to the primary tumor (a) and metastasis 

sites (b,c) through chemotactic factors produced by cancer cells, tumor-associated fibroblasts, and TAMs. After localizing at the tumor, BM-derived 

monocytes and M-MDSCs differentiate to TAMs and promote cancer growth. In contrast to classical monocytes that give rise to TAMs, nonclassical 

patrolling monocytes seem to have a protective role against cancer progression because they accumulate at the sites of lung metastasis, produce IL-15, 

and orchestrate the recruitment and activation of NK cells, thereby inhibiting cancer invasion and growth. During cancer evolution, tissue-resident 

macrophages (TRMs) derived from embryonic hematopoietic organs, such as alveolar macrophages in the lung (b) and KCs in the liver (c) are the first 

to be subject to the effects of cancer-produced soluble factors, as well as other TME insults (a). They undergo early inflammatory changes, assist in the 

recruitment of BM-derived monocytes, and contribute to the generation of TAMs. In metastatic sites, TRMs might foster formation of the premetastatic 

niche (b,c). C5a receptor, complement receptor 5a. Growth factors: M-CSF, GM-CSF; cytokines: IL-6, IL-1, IL-8; chemokines: CCL2, CCL5, CXCL12, CCL4; 

DAMPs: DNA, RNA, exosomes, uric acid, ATP, metabolites. HSC, hematopoietic stem cell; MDP, monocyte-DC progenitor. 

 

those mediated by PAMPs, lead to a transient expansion and dif- 
ferentiation of myeloid progenitors to mature monocytes and 
granulocytes to protect the host. In contrast, during emergency 
myelopoiesis driven by continuous low-level stimulation mediated 
by cancer-derived growth factors, cytokines, and DAMPs, myeloid 
progenitors undergo modest expansion, with hindered differentia- 
tion leading to the accumulation of myeloid cells with immunosup- 
pressive and tumor-promoting properties, named myeloid-derived 
suppressor cells (MDSCs). In mice, MDSCs consist of two major 
subsets, CD11b+Ly6ChiLy6G− monocytic MDSCs (M-MDSCs) and 
CD11b+Ly6CloLy6G+ polymorphonuclear MDSCs (PMN-MDSCs), 
which have a similar morphology and phenotype to normal mono- 
cytes and neutrophils, respectively. In humans, M-MDSCs are 
identified as CD11b+CD14−CD15+/CD66b+, and PMN-MDSCs 
as CD14+CD15−HLA-DRlo/– myelocytes (reviewed in ref. 30). After 
egress from the BM, monocytes (or M-MDSCs) are recruited to the 
TME via chemokines of the CC and CXC families, such as CCL2, 
CCL5, and CXCL12 (Fig. 1a)31 that are produced by cancer cells 
early during tumorigenesis. 

The recruitment and retention of BM-derived monocytes to 
metastatic sites are primarily regulated by the CCR2–CCL2 axis32,33 

(Fig. 1b,c). As determined by studies in xenograph metastatic mod- 
els, BM-derived human monocytes also migrate to tumor sites in a 
CCR2-dependent manner, where they differentiate to macrophages 

and promote cancer growth34. Although CCL2-mediated recruit- 
ment is dominant, factors such as the inducer of vascular growth, 
VEGFA, and Csf1 can also mediate recruitment of monocytes and 
conversion to TAMs35,36. CCL5 may stimulate monocyte production 
and recruitment to tumors37, whereas CCL4 (ref. 38) produced by 
TAMs can recruit BM-derived monocytes. 

Nonclassical ‘patrolling’ monocytes, identified as CX3CR1hiLy6C– 

in mice and CX3CR1hiCD14dimCD16+ in humans, are also generated 
in the BM. Patrolling monocytes have a protective role against can- 
cer progression and mediate metastasis immunosurveillance39,40. 
In the tumor-bearing host, patrolling monocytes accumulate at 
the sites of metastasis and orchestrate IL-15-mediated recruitment 
and activation of NK cells, thereby inhibiting cancer invasion and 
growth (Fig. 1b)40. Mice lacking patrolling monocytes have impaired 
activation and accumulation of NK cells and develop multiple pul- 
monary metastases40. Although patrolling monocytes are initially 
protective, the effect of BM-derived TAMs gradually becomes dom- 
inant, resulting in progression of primary and metastatic tumors33,39. 
Under these conditions, inhibiting recruitment of BM-derived 
monocytes can reduce both primary tumor and metastatic burden34. 

Tissue-resident macrophages 
All healthy tissues harbor TRMs, which support defense, homeo- 
stasis, maintenance of tissue integrity, and wound healing5. During 

NATURE IMMUNOLOGY REVIEW ARTICLE 

http://www.nature.com/natureimmunology


 

 

 
 

cancer evolution, TRMs are the first to be subject to the effects 
of cancer-produced soluble factors and other TME insults. They 
undergo early inflammatory changes, assist the recruitment of 
BM-derived monocytes and contribute to the generation of TAMs. 
The involvement of TRMs in tumor progression is distinct in vari- 
ous cancer types. For example, in a breast cancer mouse model, 
the numbers of TRMs progressively decreased over time, while the 
numbers of TAMs generated from BM-derived monocytes concom- 
itantly increased. In this context, ablation of TRMs did not impact 
tumor growth, whereas ablation of circulating monocytes resulted 
in the reduction of tumor size41. In contrast, in a mouse model of 
pancreatic cancer, TRMs expanded during tumor progression and 
acquired a transcriptional profile favoring a profibrotic program 
typical of pancreatic adenocarcinoma, which was not disrupted by 
depletion of BM-derived macrophages but was reversed by deple- 
tion of TRMs42. In a lung cancer model, macrophages of both ori- 
gins contributed to tumor growth and progression43. Thus, the role 
of TRMs in cancer growth seems to be organ-specific. 

Conversion of BM-derived monocytes to TAMs 
Recruitment of myeloid cells in tumors and subsequent conver- 
sion to TAMs requires integrin activation (Fig. 2). Cytokines and 
chemokines produced in the TME, including GM-CSF, IL-1β, 
SDF1α, VEGF, CSF1, and CCL2, promote emergency myelopoi- 
esis, leukocyte trafficking to tumor, and extravasation by activating 
receptor-mediated signaling events that induce inside-out confor- 
mational changes of a4b1 integrin. Blockade of this pathway inhib- 
its tumor inflammation and growth44. Specifically, IL-1β, SDF1α, 
and VEGF activate G-protein-coupled receptors (GPCRs), recep- 
tor tyrosine kinases (RTKs), and TLR/IL-1R, leading to activa- 
tion of Ras and its downstream target phosphoinositide 3-kinase 
γ (PI3Kγ), the PI3K isoform predominantly expressed in myeloid 
cells45. PI3Kγ activates Bruton’s tyrosine kinase (BTK), phospholi- 
pase C (PLC), and RasGrp/CalDAG-GEFs, leading to the activa- 
tion of Rap1 and its downstream effector RIAM45. The Rap1–RIAM 
module regulates reorganization of cytoskeletal actin, talin con- 
formational changes, and integrin activation46,47, guiding leuko- 
cyte adhesion and migration48. Inhibition of this signaling cascade 
can decrease monocyte recruitment and TAM accumulation in 
tumors45. Activation of PI3Kγ mediates generation of TAMs by 
suppressing the activation of the transcription factor NF-κB and 
promoting c/EBPβ-mediated signaling49. However, the integrin 
aMb2 (CD11b/CD18), which is abundantly expressed in myelocytes 
does not appear to have any impact in the recruitment of mono- 
cytes to tumors and generation of TAMs50. Global deletion of 
CD11b in Itgam–/– mice did not compromise the ability of myeloid 
cells to accumulate in tumors, but CD11b-deficient myeloid cells 
or wild-type myeloid cells treated with a CD11b blocking antibody 
in vitro had an elevated expression of immunosuppressive genes 
and a simultaneous decrease of immunostimulatory genes50, sug- 
gesting that loss of aMb2 function might compromise the properties 
of myeloid cells by unidentified mechanisms. 

Although it is difficult to define when the recruited mono- 
cytes become TAMs, it is well-documented that tissue engagement 
changes the transcriptional profile of the recruited monocytes51. 
The precise mechanisms that drive this conversion are incompletely 
understood. It has been proposed that hypoxia-mediated enhance- 
ment of CD45 phosphatase activity in M-MDSCs alters activity of 
STAT3 and promotes TAM differentiation52. The enhanced phos- 
phatase activity is induced by disruption of CD45 protein dimer- 
ization, an effect mediated by the sialic acid in the TME52. TAMs 
display distinct transcriptional profiles compared with circulating 
monocytes. Distinct transcriptional profiles have also been identi- 
fied between TAMs and macrophages residing in adjacent healthy 
tissues51. In mouse models of breast cancer with lung metastatic 
disease, transcriptomics studies showed that newly recruited 

BM-derived monocytes convert into a precursor Ly6ChiCD11bhi 

cell population, which produces the chemokine ligand CCL3, and 
recruit metastasis-facilitating macrophages32. 

It is possible that subsets of TAMs within the same tumor have 
unique functional roles in supporting cancer growth (Fig. 2). A 
subset of TAMs that express the angiopoietin receptor Tie2 accu- 
mulate in the perivascular areas, where they support angiogenesis, 
tumor growth, and tumor relapse after chemotherapy53,54. A dis- 
tinct population of TAMs are recruited through the semaphorin 
3A (Sema3A)–neuropilin-1 (Nrp1) pathway to avascular, hypoxic 
tumors areas, where they acquire pro-angiogenic and immunosup- 
pressive properties. After accumulation in hypoxic niches, Nrp1 is 
downregulated and Sema3A entraps TAMs locally through plex- 
inA1–plexinA4-mediated stop signals26. The pro-angiogenic prop- 
erties of TAMs in the hypoxic niches also rely on their metabolism. 
REDD1, a negative regulator of mTOR that is upregulated in TAMs 
in hypoxic niches, prevents glycolysis and promotes the forma- 
tion of abnormal blood vessels, contributing to tumor metastasis27. 
Other TAMs differentiate into metastasis-associated macrophages 
that are able to escort cancer cells at distal sites and facilitate their 
engraftment to form metastasis34. Conversely, IRF8, a transcription 
factor with a decisive role in monocyte and moDC lineage commit- 
ment, imprints a macrophage program that prevents metastasis55. 
Certain TAM subsets produce proteases such as metalloproteases 
(MMPs), which promote not only tissue remodeling, facilitating 
monocyte migration, but also cancer cell migration, intravasation, 
and relocation in distal sites, initiating metastatic foci56. The differ- 
ential molecular properties of the spatially distinct subsets of TAMs 
might represent attractive targets for therapeutic intervention. 

BM-derived macrophages and TRMs in primary and 
metastatic cancer 
Since TRMs colonize tissue-specific niches during embryonic 
development and have self-renewal capacity5,13, they are present in 
metastases-targeted organs prior to cancer growth and might medi- 
ate local tissue alterations that facilitate metastasis. This hypothesis 
was investigated in depth in a metastatic breast cancer mouse model 
by looking at the alveolar macrophages57, the TRMs of the lung5. 
Alveolar macrophages accumulated in premetastatic lungs through 
complement C5a receptor-mediated proliferation, reduced the 
number and maturation of lung dendritic cells, suppressed type 1 
helper T (TH1) responses and enhanced lung metastases (Fig. 1b). 
Depletion of alveolar macrophages reversed immunosuppression, 
strengthened local TH1 cell responses, and reduced metastatic bur- 
den. Thus, TRMs might foster the formation of the premetastatic 
niche and support development of metastatic disease57. Consistent 
with this notion, in three different lung cancer models it was found 
that BM-derived macrophages facilitated metastatic tumor spread- 
ing, whereas TRMs supported proliferation of cancer cells at the 
primary tumor site43. 

In liver Kupffer cells (KCs), the local TRMs, TREM-1-mediated 
activation results in secretion of proinflammatory cytokines, 
including IL-6, IL-1β, TNF, CCL2, and CXCL10, leading to inflam- 
matory liver injury and subsequent carcinogenesis (Fig. 1c)58. CCL2 
is highly expressed in individuals with hepatocellular carcinoma 
(HCC), whereas blockade of the CCL2–CCR2 pathway in a mouse 
model of HCC prevented TAM accumulation and tumor growth, 
suggesting a role for KCs in regulating the immunological TME 
profile in HCC59. In addition, KCs might protect against metasta- 
sis of colorectal carcinoma (CRC) to the liver, as indicated by the 
increased number of metastases in livers of KC-deficient mice60. 

Some of the most informative studies regarding the contribution 
of TRMs and BM-derived macrophages in primary versus meta- 
static cancer growth have been generated in the context of brain 
cancer. In the homeostatic central nervous system (CNS), innate 
immunity is solely accomplished by parenchymal microglia, and to a 
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Fig. 2 | Recruitment of BM-derived monocytes in tumors and subsequent conversion to TAMs requires activation of α4β1 integrin. IL-1β, SDF1α, and 

VEGF activate receptor tyrosine kinases (RTK), G-protein-coupled receptors (GPCR), and TLR/IL-1R, leading to activation of Ras and its downstream 

target phosphoinositide 3-kinase γ (PI3Kγ), initiating a signaling cascade that leads to integrin activation. Activation of PI3Kγ inhibits signaling through 

the transcription factor NF-κB while promoting c/EBPβ-mediated signaling leading to the generation of immunosuppressive TAMs. Various subsets of 
TAMs within the same tumor have unique functional roles in supporting cancer growth. TAMs expressing the angiopoietin receptor Tie2 accumulate at 
the perivascular areas, where they support angiogenesis and tumor growth. TAMs are recruited to avascular, hypoxic tumor areas through the semaphorin 

3A (Sema3A)–neuropilin-1 (Nrp1) pathway, where Nrp1 is downregulated and Sema3A entraps TAMs locally through plexinA1–plexinA4-mediated stop 

signals. Upregulation of REDD1, a negative regulator of mTOR, prevents glycolysis and promotes angiogenesis. Certain TAM subsets produce MMPs, 

which promote tissue remodeling, thereby facilitating monocyte and cancer cell migration, intravasation, and metastasis. 

 

lesser degree by border-associated macrophages (BAMs). Microglia 
are a unique population of myeloid mononuclear phagocytic cells 
that originate during embryogenesis from erythromyeloid progeni- 
tors in the yolk sac11,61 and are divergent from BAMs (reviewed in 
ref. 62). Microglia play a dynamic role in brain wiring during CNS 
development by phagocytosing apoptotic neurons and by selec- 
tively remodeling synapses. Microglia accomplish these tasks by 
surveying the environment, sensing changes in brain function and 
physiology, and responding accordingly63. Genes representing the 
microglial sensing system are well-defined64,65, and responses of 
microglia to pathologies vary widely, depending on their location 
within the CNS. High-resolution single-cell RNA-sequencing stud- 
ies of mouse and human microglia indicated the existence of highly 
heterogeneous populations of microglia under normalcy66. 

Primary brain cancers (which originate within the CNS) are 
composed of histopathologically and molecularly distinct neo- 
plasms67, and their tumor immune microenvironment dem- 
onstrates remarkable heterogeneity68. Glioblastoma, the most 
common primary malignant brain cancer, is molecularly well 
characterized. Glioblastoma is considered highly immunosup- 
pressive, with minimal cytotoxic lymphoid infiltration and the 
presence of considerable numbers of suppressive myeloid cells, 
such as macrophages, microglia, and MDSCs. Microglia, BAMs, 
and BM-derived TAMs constitute up to 40% of the tumor cel- 
lular composition. Microglia and monocyte-derived TAMs are 

heterogeneous populations in terms of their localization within 
the tumor and their functions. Extensive transcriptional analyses 
in mouse brain tumors indicated that microglia and TAMs share 
both proinflammatory M1-like and anti-inflammatory M2-like 
phenotypes69; in human glioblastoma, they additionally display 
expression profiles of non-polarized M0 macrophages70. 

Detailed analyses of the immune populations in primary and 
metastatic human brain tumors14,15 have found that glioblasto- 
mas are populated by TRMs, microglia, and BM-derived TAMs, 
whereas metastatic brain tumors are populated predominantly by 
BM-derived TAMs, consistent with findings in a mouse model of 
proneural glioma71. In addition, the TME of human glioblastoma 
imposed a distinct pattern of gene regulation on microglia and 
BM-derived macrophages compared with that found in metastatic 
tumors14,15. These findings provide evidence for tumor-specific roles 
in the transcriptional imprinting of recruited monocyte-derived 
and TRMs in tumors and set the basis for further investigation. 

Macrophage diversity in cancer 
The inherited ability of macrophages to develop distinct adapta- 
tions to slight alterations of microenvironmental stimuli, includ- 
ing an intratumoral gradient of nutrients, metabolites, or oxygen, 
leads to a significant diversity of TAMs among different cancer 
types, but also within the same tumor72. The diversity of TAMs was 
previously streamlined in the simplified concept that TAMs have a 
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polarization program resembling M2 macrophages and are skewed 
away from M1-polarized phenotype3. Classical M1 polarization has 

been defined by the expression of CD80, CD86, MHCII, iNOS, and 
CD68, correlated with the tumoricidal function of TAMs that could 
engulf cancer cells and recruit T cells. Conversely, M2 polariza- 
tion has been characterized by the expression of CD206, CD204, 
VEGF, CD163, and Arg-1 and is associated with an immune quies- 
cent profile3. The M1–M2 programs were thought to rely mainly on 
metabolism, because proinflammatory M1 macrophages are sup- 
ported by glycolysis whereas anti-inflammatory M2 macrophages 
utilize mainly fatty acid oxidation (FAO)73. Although this concept 
is no longer considered appropriate, most studies continue to utilize 
M1–M2-associated markers for characterization of TAMs, because 

there is extensive experience based on the correlation between their 
expression and prognosis in tumor models and human cancers25,74. 
It is becoming increasingly clear that macrophage metabolism is 
much more complex than the selective utilization of glucose or fatty 

acids as an energy source. It is now known that lipid utilization goes 
beyond fatty acid catabolism in FAO, and has an essential role in 
the ability of TAMs to function as potent APCs. Cancer-produced 
β-glucosylceramide drives reshuffling of lipid composition on the 
ER membrane, leading to IRE1-dependent ER stress responses75. 
The co-engagement of the IRE1–XBP1 and IRE1–STAT3 pathways 
during the ER stress response promoted pro-tumorigenic polar- 
ization and pro-survival properties of TAMs. Conversely, target- 
ing IRE1–XBP1 and IRE1–STAT3 signaling or preserving lipid 
composition of the ER membrane by genetic and pharmacological 
approaches diminished the pro-tumorigenic ability of TAMs and 
inhibited tumor progression75. Thus, metabolic adaptations with 
significant impact on TAM function depend on lipid composition 

in a manner independent of their utilization as an energy source. 
The significance of nutrients in TAM diversity is highlighted 

by the role of glutamine, which is indispensable for cellular func- 
tions, such as nucleotide and amino acid production, redox balance, 
and protein glycosylation. Small-molecule inhibitor blocking of 
glutamine metabolism reduced tumor growth and metastases in a 
mouse model of breast cancer by enhancing macrophage activation 
and inhibiting MDSC generation76. Targeting glutamine metabo- 
lism with an inhibitor of the enzyme glutamine synthetase, which 
generates glutamine from glutamate, converted TAMs into effec- 
tor APCs, which mediated potent anti-tumor function in three 
highly metastatic mouse models77. An integrated high-throughput 
transcriptional-metabolic profiling showed that an immuno- 
suppressive M2-like macrophage profile is supported by gluta- 
mine catabolism and is compromised by glutamine deprivation78. 
Consistent with these findings, production of α-ketoglutarate 
(αKG) via glutaminolysis is important for M2-like activation of 
macrophages, including engagement of FAO and epigenetic repro- 
gramming of M2 genes79. This M2-promoting mechanism is fur- 
ther modulated by a high αKG/succinate ratio, whereas a low ratio 
strengthens the M1-like phenotype79. The immunometabolic prop- 
erties of TAMs correlate not only with TAM functional diversity, 
but also cancer prognosis. For example, diversity of MHCIIlo and 
MHCIIhi TAM subsets correlate with distinct metabolic signa- 
tures and abilities to utilize lactate, a metabolite that is abundantly 
present in the TME. In MHCIIlo TAMs, lactate supports oxidative 
metabolism, increases L-arginine metabolism, and enhances their 
T cell suppressive capacity80. These observations underline the sig- 
nificance, and the complexity, of targeting the metabolic function of 
the diverse TAM subsets for therapeutic purposes. 

During the past few years, progress in genomics, single-cell 
RNA-sequencing, and time-of-flight (CyTOF) technologies 
has revealed the previously unsuspected diversity of TAMs. 
Macrophages can now be classified into multiple distinct clusters 
based on distinct combinations of genes expressed. Spatial distribu- 
tion of TAMs correlates with their distinct gene profiles and specific 

functional properties in many cancers, including lung, renal, brain 
breast, and ovarian cancer, head and neck carcinoma, melanoma, 
and colorectal cancer14,15,72,81–84. The evolution of such technologies 
might guide the development of new therapies targeting unique 
properties of tumorigenic TAMs85. 

TAMs in inflammation and immunosuppression 
The association between inflammation and cancer has been exten- 
sively documented and is currently considered an integral com- 
ponent of cancer evolution (reviewed in refs. 86,87). Tumors were 
proposed to behave as wounds that do not heal88; indeed, several 
features of tissue injury and healing identified in wounds charac- 
terize the TME, including infiltration by inflammatory cells such 
as neutrophils, monocytes, and macrophages, tissue remodeling, 
and enhanced coagulation88. However, in contrast with the sequen- 
tial process of tissue injury, inflammation, and healing observed in 
wounds, features that characterize injury and healing co-exist and 
persist in the TME86. Cancer-related inflammation is likely initiated 
by soluble factors, such as hematopoietic growth factors (for exam- 
ple, M-CSF, GM-CSF), cytokines (for example, IL-6, IL-1, IL-8), 
and chemokines (for example, CCL2, CCL5, CXCL12) produced 
as a consequence of the oncogenes whose expression is induced by 
driver mutations (Fig. 3), including KRASG12D (ref. 89), p53 (ref. 90), 
BRAFV600E (ref. 91), and BRCA1 (ref. 92). 

An additional mechanism responsible for cancer-related inflam- 
mation involves the generation of DAMPs that are produced by 
cancer cells owing to rapid replication and apoptosis, nutrient star- 
vation, and hypoxia (Fig. 3). These DAMPs are recognized by PRRs 
expressed by monocytes, macrophages, other cells of the innate 
immune system, and cancer cells, and initiate proinflammatory 
cascades. Exosomes released from cancer, containing tumor DNA, 
recognized by STING and AIM2 (refs. 93,94), or RNA, recognized by 
TLR3 (ref. 95), induce monocyte recruitment to the primary tumor 
and the metastatic niche96. These pathways, along with NLRP3, 
which recognizes ATP97, induce production of inflammatory cyto- 
kines and chemokines, recruiting T cells. At the early stages of the 
anti-tumor immune response, T cells can successfully eliminate 
cancer by cell-mediated killing, which in turns generates a third 
level of inflammatory mediators in the TME. The cancer-produced 
cytokines and DAMPs also act on the BM progenitors to induce 
emergency myelopoiesis, giving rise to immunosuppressive 
PMN-MDSCs and M-MDSCs, the latter being recruited into the 
tumor to become TAMs (Fig. 3)52. 

Paradoxically, the proinflammatory pathways that promote the 
cancer-related inflammation and generation of immunosuppres- 
sive TAMs are the same mediators of protective proinflammatory 
immune responses in macrophages against pathogens, such as those 
regulated by type I IFN induced by viral infections98. These path- 
ways also have an instrumental role in the recruitment and retention 
of CD8+ T cells in tumors, an outcome that can be recapitulated by 
treatment with type I IFN or DNA-damaging chemo- and radiother- 
apies99, but can be hijacked by the tumor to initiate cancer-related 
inflammation and immunosuppression100. Notch signaling, which 
is involved in myeloid cell development and hematopoiesis and is 
needed for the differentiation of M1-like effector macrophages101,102, 
is also involved in the differentiation of TRMs into TAMs41. PI3K, a 
critical regulator of effector immune responses, acts as a mediator of 
cancer-related inflammation49. 

Although the precise mechanisms of this paradox remain poorly 
understood, activation of proinflammatory pathways in TAMs 
might concomitantly lead to increased expression of inhibitory 
receptors and ligands, thereby favoring immunosuppression (Fig. 3). 
After phagocytosis of cancer cells by macrophages, AIM2, which 
is activated by tumor DNA, cleaves cGAS and upregulates PD-L1 
and IDO, overriding the anti-tumor function of macrophages94. In 
response to TLR signaling or phagocytosis of cancer cells, TAMs 

 

1152 NATURE IMMUNOLOGY | VOL 23 | AUGUST 2022 | 1148–1156 | www.nature.com/natureimmunology 

REVIEW ARTICLE NATURE IMMUNOLOGY 

http://www.nature.com/natureimmunology


NATURE IMMUNOLOGY | VOL 23 | AUGUST 2022 | 1148–1156 | www.nature.com/natureimmunology 1153 

 

 

Exosomes 

PD-1 

DC 

B7-H4 

PRR PD-1 

PD-L1 
Sirp1a 

B7-H4 Tim3 

TAM 

Bone 
marrow 

ROS 

Tim3 

TRM 

 
DAMPs 

im3 

ncer 

PRR 

Emergency 
myelopoiesis 

Oncogenes DAMPs 

Mutations 

 
PRR 

CD47 

PD-1 

PD-L1 

B7-H4 

PD-L1 

Sirp1a 

T STING 
T AIM 
T NLRP3 
T Notch 
T Pl3Kγ 

 
 

Growth factors 
Cytokines 
Chemokines 
DAMPs 

 
 
 

 
Ca 

 
 
 
 
 
 
 
 
 

 
Phagocytic function 
Cytotoxic function 
Antigen presentation 
Immunostimulatory function 

 
 
 
 

 
T 

 

 
T cell activation 
CTL function 

 
 

Fig. 3 | Cancer-related inflammation is initiated by hematopoietic growth factors, cytokines, and chemokines produced by cancer cells as a 

consequence of oncogene-mediated malignant transformation. There is proinflammatory activation from DAMPs produced by cancer cells due to 

rapid replication and apoptosis, nutrient starvation, and hypoxia. Exosomes released from cancer cells, containing tumor DNA or RNA, contribute to the 

proinflammatory TME. Cytokines activate immune and cancer cells, whereas DAMPs are recognized by pattern recognition receptors (PRRs) expressed 

by macrophages and other cells of the innate immune system, such as dendritic cells (DCs), as well as cancer cells, to initiate proinflammatory cascades. 

In response to inflammatory activation, TAMs express Tim3, Tim4, PD-1, and PD-L1 checkpoint inhibitors, which can inhibit macrophage functions and 

synergize with the Sirp1a–CD47 pathway to inhibit phagocytosis of cancer cells. Cancer-produced cytokines and DAMPs also act on BM progenitors 

through cytokine and growth factor receptors and PRRs to induce myelopoiesis, which gives rise to immature immunosuppressive PMN-MDSCs and 

M-MDSCs, the latter being recruited into the tumor to become TAMs. CTL, cytotoxic T lymphocyte. 

 

also express Tim3, Tim4, PD-1, and PD-L1, which can inhibit 
macrophage functions including phagocytosis, inflammasome 
activation, and production of effector cytokines18–21,103, and syner- 
gize with Sirp1a, which transmits phagocytosis-inhibitory signals 
after engagement by CD47 (ref. 104). Such mechanisms might per- 
petuate proinflammatory activation but impaired effector function 
of TAMs while inhibiting T cell activation through co-inhibitory 
receptors and TAM-generated reactive oxygen species (Fig. 3). 
Macrophages might be subjected to PD-L1-mediated inhibition as 
macrophage-specific blockade of PD-L1 can induce macrophage 
activation and proliferation105. 

Expression of PD-1 is induced by TLR signaling in myeloid cells 
and is correlated with impaired M1-like polarization106. In the con- 
text of infection, PD-1 expression in macrophages suppresses the 
innate inflammatory response to sepsis107 and inhibits the phagocy- 
tosis of Mycobacterium tuberculosis108. PD-1 upregulation in TAMs 
during tumor progression compromises their phagocytic potency 
in a mouse model of colon cancer18. In peripheral blood mono- 
cytes from individuals with chronic lymphocytic leukemia (CLL), 
PD-L1- or antibody-mediated triggering of PD-1 hampers BTK 
signaling, glycolysis, and phagocytosis20. Conversely, selective PD-1 
ablation19 or macrophage-specific PD-1 blockade18 in murine tumor 
models, or PD-1 blockade in monocytes from people with CLL20, 
significantly enhance anti-tumor responses. Thus, checkpoint 
inhibitors have an active role in the immunosuppressive properties 
of TAMs, but it is poorly understood under what conditions, and in 
which TAM subsets, these inhibitory mediators are expressed and 
operate. Studies in this direction might provide opportunities for 
tumor immunotherapy. 

Resolution of inflammation 
An attractive hypothesis regarding the mechanisms involved 
in TAM-mediated inflammation in cancer is that unidentified 
modifications might occur in the regulation of proinflammatory 
pathways during cancer evolution. According to the concept of 
cancer immunoediting, the immune system can control cancer 
development during the phase of immunosurveillance and elimi- 
nation, when cancer cells are successfully recognized and cleared 
(Fig. 4)109. Macrophages have a central role in this process by medi- 
ating phagocytosis and clearance of cancer cells110 and the presen- 
tation of cancer neoantigens to T cells2. Under immune-mediated 
pressure, cancer cells undergo immunoediting, which results 
initially in an immune equilibrium phase and, subsequently, 
full bypassing of the mechanisms of antigen recognition and 
anti-tumor immune response, leading to tumor escape109. It is 
possible that, during the immune equilibrium phase, the prop- 
erties of TAMs gradually change as their proinflammatory path- 
ways are increasingly activated (Fig. 4), but lose their efficacy. 
For example, PRR signaling, which is controlled by posttransla- 
tional, metabolic, and epigenetic modifications111,112, might oper- 
ate differently during immune equilibrium and immune escape 
than during elimination. In support of this hypothesis, only acute 
engagement of pro-immune inflammatory pathways during 
immune escape can override the continuing cancer-promoting 
inflammation and elicit anti-tumor immunity113. Under such 
conditions, inflammasome activation with oxidized phospho- 
lipids can induce strong and long-lasting protection against 
cancer and eradicate various tumors that are resistant to standard 
checkpoint immunotherapy113. 
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Fig. 4 | Changes of TAMs during cancer immunoediting. During the elimination phase, macrophages eliminate cancer cells by phagocytosis and 

activation of anti-tumor T cell responses by presentation of tumor-associated antigens, whereas these immune functions are compromised during cancer 

progression to immune equilibrium and escape. While TRMs predominate during elimination, BM-derived TAMs increasingly enter the tumor during the 

immune equilibrium phase, leading to increasing local inflammation. During the immune escape phase, in response to tissue residence and cues of the 

TME, TRMs and BM-derived TAMs acquire similar properties, characterized by enhanced proinflammatory and diminished pro-resolving signaling. 

 

Because macrophages have a physiological role in mediating 
resolution of inflammation and promoting tissue remodeling and 
healing2, it is possible that the cancer-promoting proinflammatory 
effects of TAMs are mediated by impaired mechanisms of inflam- 
mation resolution (Fig. 4). During physiologic immune responses, 
nuclear hormone receptors program an anti-inflammatory and 
pro-resolving function in macrophages114. The nuclear hormone 
receptor PPARγ has an important role in this process and medi- 
ates resolution of inflammation by inducing expression of the scav- 
enger receptor CD36 and the nuclear hormone receptor LXR115,116. 
Notably, LXR activation can suppress cancer growth in multiple 
murine tumor models117. Macrophages also promote inflamma- 
tion resolution by production of pro-resolving cytokines. Following 
tissue injury or infection, eicosanoids initiate the inflammation 
process. The prostaglandins PGE2 and PGI2, which are involved 
in vasodilation, and the leukotriene LTB4, which is involved in 
chemotaxis and adhesion, stimulate the recruitment of neutro- 
phils as first responders. Subsequently, lipoxins, resolvins, pro- 
tectins, and maresins, collectively called specialized pro-resolving 
mediators (SPMs), are produced118. Switching from eicosanoids to 
SPMs mediates a ‘stop signal’ to the acute inflammatory response. 
SPMs counteract the proinflammatory mediators and stimulate the 
recruitment of monocytes, which become resolving macrophages, 
clear apoptotic cells by efferocytosis and promote antigen presenta- 
tion and engagement of adaptive immune responses119. In a mouse 
tumor model, debris of various cancer cell types killed by chemo- 
therapy or targeted therapy induced production of proinflamma- 
tory cytokines by TAMs and tumor growth, whereas administration 

Concluding remarks 
Macrophages have an essential and indispensable role in homeosta- 
sis and immunity, but lose their protective functions and become 
TAMs in the context of cancer. TAMs arise from TRMs localized 
at the tumor site and BM-derived monocytes that are recruited to 
tumors. TAMs provide a protective niche for cancer growth and 
invasion at primary and metastatic sites. TAMs are highly heteroge- 
neous, and the significance and therapeutic potential of their diver- 
sity are evolving. Although TAMs might have either a supportive 
or a suppressive role in anti-tumor immunity, they most frequently 
enhance tumor growth by promoting angiogenesis and immuno- 
suppression through hijacking proinflammatory pathways naturally 
programmed to provide protective immune responses. Altered sig- 
naling and metabolic properties support the immunosuppressive 
functions of TAMs. The immunological, biochemical, and meta- 
bolic aberrations can serve as targets of novel precision therapies 
for reprogramming and switching macrophage function from 
pro-tumorigenic TAMs to anti-tumorigenic and protective APCs. 
On this road, the great challenge remains of spatially guiding such 
interventions to achieve tumor-specific outcomes without compro- 
mising responses of healthy innate and adaptive immune cells. 

Received: 19 January 2022; Accepted: 10 June 2022; 

Published online: 25 July 2022 

References 
1. Watanabe, S., Alexander, M., Misharin, A. V. & Budinger, G. R. S. The role 

of macrophages in the resolution of inflammation. J. Clin. Investig. 129, 

of SPMs induced inflammation resolution, T cell activation, and 
suppression of cancer growth120. Thus, a plausible scenario might be 
that, during the immune equilibrium phase, the anti-inflammatory 

2619–2628 (2019). 
2. Hirayama, D., Iida, T. & Nakase, H. The phagocytic function of 

macrophage-enforcing innate immunity and tissue homeostasis. Int. J. Mol. 
Sci. 19, 92 (2017). 

pathways of TAMs are progressively suppressed and eventually lose 3. Martinez, F. O., Sica, A., Mantovani, A. & Locati, M. Macrophage activation 

efficacy during cancer immune escape (Fig. 4). A spatiotempo- 
rally aberrant and unconcerted activation of proinflammatory and 
pro-resolving mechanisms of TAMs might have a central role in 
pro-tumorigenic inflammation. 

and polarization. Front. Biosci. 13, 453–461 (2008). 
4. Wynn, T. A., Chawla, A. & Pollard, J. W. Macrophage biology in 

development, homeostasis and disease. Nature 496, 445–455 (2013). 
5. Ginhoux, F. & Guilliams, M. Tissue-resident macrophage ontogeny and 

homeostasis. Immunity 44, 439–449 (2016). 

REVIEW ARTICLE NATURE IMMUNOLOGY 

Resolution of inflammation 

Proinflammatory signaling 

http://www.nature.com/natureimmunology


 

 

 
 

6. Carlin, L. M. et al. Nr4a1-dependent Ly6Clow monocytes monitor 
endothelial cells and orchestrate their disposal. Cell 153, 362–375 (2013). 

7. Auffray, C. et al. Monitoring of blood vessels and tissues by a population of 
monocytes with patrolling behavior. Science 317, 666–670 (2007). 

8. Geissmann, F. et al. Development of monocytes, macrophages, and 
dendritic cells. Science 327, 656–661 (2010). 

9. Wang, Y. et al. IL-34 is a tissue-restricted ligand of CSF1R required for 
the development of Langerhans cells and microglia. Nat. Immunol. 13, 
753–760 (2012). 

10. Wei, S. et al. Functional overlap but differential expression of CSF-1 and 
IL-34 in their CSF-1 receptor-mediated regulation of myeloid cells. J. 
Leukoc. Biol. 88, 495–505 (2010). 

11. Ginhoux, F. et al. Fate mapping analysis reveals that adult microglia derive 
from primitive macrophages. Science 330, 841–845 (2010). 

12. Ginhoux, F. & Merad, M. Ontogeny and homeostasis of Langerhans cells. 
Immunol. Cell Biol. 88, 387–392 (2010). 

13. Schulz, C. et al. A lineage of myeloid cells independent of Myb and 
hematopoietic stem cells. Science 336, 86–90 (2012). 

14. Klemm, F. et al. Interrogation of the microenvironmental landscape in 
brain tumors reveals disease-specific alterations of immune cells. Cell 181, 
1643–1660 (2020). 

15. Friebel, E. et al. Single-cell mapping of human brain cancer reveals 
tumor-specific instruction of tissue-invading leukocytes. Cell 181, 
1626–1642 (2020). 

16. Robinson, A., Han, C. Z., Glass, C. K. & Pollard, J. W. Monocyte regulation 
in homeostasis and malignancy. Trends Immunol. 42, 104–119 (2021). 

17. Mantovani, A., Marchesi, F., Jaillon, S., Garlanda, C. & Allavena, P. 
Tumor-associated myeloid cells: diversity and therapeutic targeting. 
Cell Mol. Immunol. 18, 566–578 (2021). 

18. Gordon, S. R. et al. PD-1 expression by tumour-associated macrophages 
inhibits phagocytosis and tumor immunity. Nature 545, 495–499 (2017). 

19. Strauss, L. et al. Targeted deletion of PD-1 in myeloid cells induces 
antitumor immunity. Sci. Immunol. 5, eaay1863 (2020). 

20. Qorraj, M. et al. The PD-1/PD-L1 axis contributes to immune metabolic 
dysfunctions of monocytes in chronic lymphocytic leukemia. Leukemia 31, 
470–478 (2017). 

21. Dixon, K. O. et al. TIM-3 restrains anti-tumour immunity by regulating 
inflammasome activation. Nature 595, 101–106 (2021). 

22. Seo, W. I. et al. Expression of VISTA on tumor-infiltrating immune cells 
correlated with short intravesical recurrence in non-muscle-invasive bladder 
cancer. Cancer Immunol. Immunother. 70, 3113–3122 (2021). 

23. Lin, H. et al. Host expression of PD-L1 determines efficacy of PD-L1 
pathway blockade-mediated tumor regression. J. Clin. Investig. 128, 
805–815 (2018). 

24. Dangaj, D. et al. Novel recombinant human b7-h4 antibodies overcome 
tumoral immune escape to potentiate T-cell antitumor responses. Cancer 
Res. 73, 4820–4829 (2013). 

25. Sica, A. et al. Macrophage polarization in tumour progression. Semin. 
Cancer Biol. 18, 349–355 (2008). 

26. Casazza, A. et al. Impeding macrophage entry into hypoxic tumor areas by 
Sema3A/Nrp1 signaling blockade inhibits angiogenesis and restores 
antitumor immunity. Cancer Cell 24, 695–709 (2013). 

27. Wenes, M. et al. Macrophage metabolism controls tumor blood vessel 
morphogenesis and metastasis. Cell Metab. 24, 701–715 (2016). 

28. Mantovani, A., Marchesi, F., Malesci, A., Laghi, L. & Allavena, P. 
Tumour-associated macrophages as treatment targets in oncology. Nat. Rev. 
Clin. Oncol. 14, 399–416 (2017). 

29. Manz, M. G. & Boettcher, S. Emergency granulopoiesis. Nat. Rev. 14, 
302–314 (2014). 

30. Veglia, F., Sanseviero, E. & Gabrilovich, D. I. Myeloid-derived suppressor 
cells in the era of increasing myeloid cell diversity. Nat. Rev. 21, 
485–498 (2021). 

31. Mantovani, A. et al. Chemokines in the recruitment and shaping 
of the leukocyte infiltrate of tumors. Semin. Cancer Biol. 14, 
155–160 (2004). 

32. Kitamura, T. et al. CCL2-induced chemokine cascade promotes breast 
cancer metastasis by enhancing retention of metastasis-associated 
macrophages. J. Exp. Med. 212, 1043–1059 (2015). 

33. Ma, R. Y. et al. Monocyte-derived macrophages promote breast cancer bone 
metastasis outgrowth. J. Exp. Med. 217, e20191820 (2020). 

34. Qian, B. Z. et al. CCL2 recruits inflammatory monocytes to facilitate 
breast-tumour metastasis. Nature 475, 222–225 (2011). 

35. Lin, E. Y., Nguyen, A. V., Russell, R. G. & Pollard, J. W. Colony-stimulating 
factor 1 promotes progression of mammary tumors to malignancy. J. Exp. 
Med. 193, 727–740 (2001). 

36. Lin, E. Y. et al. Vascular endothelial growth factor restores delayed 
tumor progression in tumors depleted of macrophages. Mol. Oncol. 1, 
288–302 (2007). 

37. Ban, Y. et al. Targeting autocrine CCL5–CCR5 axis reprograms 
immunosuppressive myeloid cells and reinvigorates antitumor immunity. 
Cancer Res. 77, 2857–2868 (2017). 

38. De la Fuente Lopez, M. et al. The relationship between chemokines CCL2, 
CCL3, and CCL4 with the tumor microenvironment and tumor-associated 
macrophage markers in colorectal cancer. Tumour Biol. 40, 
1010428318810059 (2018). 

39. Hanna, R. N. et al. Patrolling monocytes control tumor metastasis to the 
lung. Science 350, 985–990 (2015). 

40. Kubo, H., Mensurado, S., Goncalves-Sousa, N., Serre, K. & Silva-Santos, 
B. Primary tumors limit metastasis formation through induction of 
IL15-mediated cross-talk between patrolling monocytes and NK cells. 
Cancer Immunol. Res. 5, 812–820 (2017). 

41. Franklin, R. A. et al. The cellular and molecular origin of tumor-associated 
macrophages. Science 344, 921–925 (2014). 

42. Zhu, Y. et al. Tissue-resident macrophages in pancreatic ductal 
adenocarcinoma originate from embryonic hematopoiesis and promote 
tumor progression. Immunity 47, 323–338 (2017). 

43. Loyher, P. L. et al. Macrophages of distinct origins contribute to tumor 
development in the lung. J. Exp. Med. 215, 2536–2553 (2018). 

44. Schmid, M. C. et al. Combined blockade of integrin-α4β1 plus cytokines 
SDF-1α or IL-1β potently inhibits tumor inflammation and growth. Cancer 
Res. 71, 6965–6975 (2011). 

45. Schmid, M. C. et al. Receptor tyrosine kinases and TLR/IL1Rs unexpectedly 
activate myeloid cell PI3kγ, a single convergent point promoting tumor 
inflammation and progression. Cancer Cell 19, 715–727 (2011). 

46. Lafuente, E. M. et al. RIAM, an Ena/VASP and Profilin ligand, interacts with 
Rap1-GTP and mediates Rap1-induced adhesion. Dev. Cell 7, 585–595 (2004). 

47. Cho, E. A. et al. Phosphorylation of RIAM by src promotes integrin activation 
by unmasking the PH domain of RIAM. Structure 29, 320–329 (2021). 

48. Patsoukis, N. et al. The adaptor molecule RIAM integrates signaling events 
critical for integrin-mediated control of immune function and cancer 
progression. Sci. Signal 10, eaam8298 (2017). 

49. Kaneda, M. M. et al. PI3Kγ is a molecular switch that controls immune 
suppression. Nature 539, 437–442 (2016). 

50. Schmid, M. C. et al. Integrin CD11b activation drives anti-tumor innate 
immunity. Nat. Commun. 9, 5379 (2018). 

51. Cassetta, L. et al. Human tumor-associated macrophage and monocyte 
transcriptional landscapes reveal cancer-specific reprogramming, 
biomarkers, and therapeutic targets. Cancer Cell 35, 588–602 (2019). 

52. Kumar, V. et al. CD45 phosphatase inhibits STAT3 transcription factor 
activity in myeloid cells and promotes tumor-associated macrophage 
differentiation. Immunity 44, 303–315 (2016). 

53. Hughes, R. et al. Perivascular M2 macrophages stimulate tumor relapse 
after chemotherapy. Cancer Res. 75, 3479–3491 (2015). 

54. Chen, L. et al. Tie2 expression on macrophages is required for blood vessel 
reconstruction and tumor relapse after chemotherapy. Cancer Res. 76, 
6828–6838 (2016). 

55. Twum, D. Y. et al. IFN regulatory factor-8 expression in macrophages 
governs an antimetastatic program. JCI Insight 4, e124267 (2019). 

56. Gui, P. et al. The protease-dependent mesenchymal migration of 
tumor-associated macrophages as a target in cancer immunotherapy. Cancer 
Immunol. Res. 6, 1337–1351 (2018). 

57. Sharma, S. K. et al. Pulmonary alveolar macrophages contribute to the 
premetastatic niche by suppressing antitumor T cell responses in the lungs.  
J. Immunol. 194, 5529–5538 (2015). 

58. Wu, J. et al. The proinflammatory myeloid cell receptor TREM-1 controls 
Kupffer cell activation and development of hepatocellular carcinoma. 
Cancer Res. 72, 3977–3986 (2012). 

59. Li, X. et al. Targeting of tumour-infiltrating macrophages via CCL2/CCR2 
signalling as a therapeutic strategy against hepatocellular carcinoma. Gut 
66, 157–167 (2017). 

60. Matsumura, H. et al. Kupffer cells decrease metastasis of colon cancer cells 
to the liver in the early stage. Int. J. Oncol. 45, 2303–2310 (2014). 

61. Goldmann, T. et al. Origin, fate and dynamics of macrophages at central 
nervous system interfaces. Nat. Immunol. 17, 797–805 (2016). 

62. Hoeffel, G. & Ginhoux, F. Fetal monocytes and the origins of tissue-resident 
macrophages. Cell. Immunol. 330, 5–15 (2018). 

63. Nimmerjahn, A., Kirchhoff, F. & Helmchen, F. Resting microglial cells are 
highly dynamic surveillants of brain parenchyma in vivo. Science 308, 
1314–1318 (2005). 

64. Butovsky, O. et al. Identification of a unique TGF-beta-dependent molecular 
and functional signature in microglia. Nat. Neurosci. 17, 131–143 (2014). 

65. Hickman, S. E. et al. The microglial sensome revealed by direct RNA 
sequencing. Nat. Neurosci. 16, 1896–1905 (2013). 

66. Masuda, T. et al. Spatial and temporal heterogeneity of mouse and human 
microglia at single-cell resolution. Nature 566, 388–392 (2019). 

67. Louis, D. N., Wiestler, O. D. & Cavenee, W. K. World Health Organization 
Classification of Tumours of the Central Nervous System. 5th ed. 
(International Agency for Research on Cancer, 2021). 

68. Boussiotis, V. A. & Charest, A. Immunotherapies for malignant glioma. 
Oncogene 37, 1121–1141 (2018). 

69. Szulzewsky, F. et al. Glioma-associated microglia/macrophages display an 
expression profile different from M1 and M2 polarization and highly 
express Gpnmb and Spp1. PLoS ONE 10, e0116644 (2015). 

NATURE IMMUNOLOGY | VOL 23 | AUGUST 2022 | 1148–1156 | www.nature.com/natureimmunology 1155 

NATURE IMMUNOLOGY REVIEW ARTICLE 

http://www.nature.com/natureimmunology


 

 

 
 

 
70. Gabrusiewicz, K. et al. Glioblastoma-infiltrated innate immune cells 

resemble M0 macrophage phenotype. JCI Insight 1, e85841 (2016). 
71. Pyonteck, S. M. et al. CSF-1R inhibition alters macrophage polarization and 

blocks glioma progression. Nat. Med. 19, 1264–1272 (2013). 
72. Donadon, M. et al. Macrophage morphology correlates with single-cell 

diversity and prognosis in colorectal liver metastasis. J. Exp. Med. 217, 
e20191847 (2020). 

73. O’Neill, L. A. & Pearce, E. J. Immunometabolism governs dendritic cell and 
macrophage function. J. Exp. Med. 213, 15–23 (2016). 

74. Jayasingam, S. D. et al. Evaluating the polarization of tumor-associated 
macrophages into M1 and M2 phenotypes in human cancer tissue: 
technicalities and challenges in routine clinical practice. Front. Oncol. 9, 
1512 (2019). 

75. Di Conza, G. et al. Tumor-induced reshuffiing of lipid composition on the 
endoplasmic reticulum membrane sustains macrophage survival and 
pro-tumorigenic activity. Nat. Immunol. 22, 1403–1415 (2021). 

76. Oh, M. H. et al. Targeting glutamine metabolism enhances tumor-specific 
immunity by modulating suppressive myeloid cells. J. Clin. Investig. 130, 
3865–3884 (2020). 

77. Menga, A. et al. Glufosinate constrains synchronous and metachronous 
metastasis by promoting anti-tumor macrophages. EMBO Mol. Med. 12, 
e11210 (2020). 

78. Jha, A. K. et al. Network integration of parallel metabolic and 
transcriptional data reveals metabolic modules that regulate macrophage 
polarization. Immunity 42, 419–430 (2015). 

79. Liu, P. S. et al. α-ketoglutarate orchestrates macrophage activation through 
metabolic and epigenetic reprogramming. Nat. Immunol. 18, 985–994 (2017). 

80. Geeraerts, X. et al. Macrophages are metabolically heterogeneous within the 
tumor microenvironment. Cell Rep. 37, 110171 (2021). 

81. Zilionis, R. et al. Single-cell transcriptomics of human and mouse lung 
cancers reveals conserved myeloid populations across individuals and 
species. Immunity 50, 1317–1334 (2019). 

82. Azizi, E. et al. Single-cell map of diverse immune phenotypes in the breast 
tumor microenvironment. Cell 174, 1293–1308 e1236 (2018). 

83. Chevrier, S. et al. An immune atlas of clear cell renal cell carcinoma. Cell 
169, 736–749 e718 (2017). 

84. Tirosh, I. et al. Dissecting the multicellular ecosystem of metastatic 
melanoma by single-cell RNA-seq. Science 352, 189–196 (2016). 

85. Artyomov, M. N. & Van den Bossche, J. Immunometabolism in the 
single-cell era. Cell Metab. 32, 710–725 (2020). 

86. Mantovani, A., Allavena, P., Sica, A. & Balkwill, F. Cancer-related 
inflammation. Nature 454, 436–444 (2008). 

87. Nakamura, K. & Smyth, M. J. Targeting cancer-related inflammation in the 
era of immunotherapy. Immunol. Cell Biol. 95, 325–332 (2017). 

88. Dvorak, H. F. Tumors: wounds that do not heal. Similarities between 
tumor stroma generation and wound healing. N. Engl. J. Med. 315, 
1650–1659 (1986). 

89. Bayne, L. J. et al. Tumor-derived granulocyte-macrophage 
colony-stimulating factor regulates myeloid inflammation 
and T cell immunity in pancreatic cancer. Cancer Cell 21, 
822–835 (2012). 

90. Ubertini, V. et al. Mutant p53 gains new function in promoting 
inflammatory signals by repression of the secreted interleukin-1 receptor 
antagonist. Oncogene 34, 2493–2504 (2015). 

91. Sumimoto, H., Imabayashi, F., Iwata, T. & Kawakami, Y. The BRAF–MAPK 
signaling pathway is essential for cancer-immune evasion in human 
melanoma cells. J. Exp. Med. 203, 1651–1656 (2006). 

92. Mehta, A. K. et al. Targeting immunosuppressive macrophages overcomes 
PARP inhibitor resistance in BRCA1-associated triple-negative breast 
cancer. Nat. Cancer 2, 66–82 (2021). 

93. Dou, Z. et al. Cytoplasmic chromatin triggers inflammation in senescence 
and cancer. Nature 550, 402–406 (2017). 

94. Su, S. et al. Immune checkpoint inhibition overcomes ADCP-induced 
immunosuppression by macrophages. Cell 175, 442–457 e423 (2018). 

95. Liu, Y. et al. Tumor exosomal RNAs promote lung pre-metastatic niche 
formation by activating alveolar epithelial TLR3 to recruit neutrophils.  
Cancer Cell 30, 243–256 (2016). 

96. Keklikoglou, I. et al. Chemotherapy elicits pro-metastatic extracellular 
vesicles in breast cancer models. Nat. Cell Biol. 21, 190–202 (2019). 

97. Di Virgilio, F., Sarti, A. C., Falzoni, S., De Marchi, E. & Adinolfi, E. 
Extracellular ATP and P2 purinergic signalling in the tumour 
microenvironment. Nat. Rev. Cancer 18, 601–618 (2018). 

98. Hubel, P. et al. A protein-interaction network of interferon-stimulated 
genes extends the innate immune system landscape. Nat. Immunol. 20, 
493–502 (2019). 

99. Mowat, C., Mosley, S. R., Namdar, A., Schiller, D. & Baker, K. Anti-tumor 
immunity in mismatch repair-deficient colorectal cancers requires type I 
IFN-driven CCL5 and CXCL10. J. Exp. Med. 218, e20210108 (2021). 

100. West, A. J. et al. Inflammasome-associated gastric tumorigenesis is 
independent of the NLRP3 pattern recognition receptor. Front Oncol. 12, 
830350 (2022). 

 

 

 
101. Radtke, F., Fasnacht, N. & Macdonald, H. R. Notch signaling in the 

immune system. Immunity 32, 14–27 (2010). 
102. Wang, Y. C. et al. Notch signaling determines the M1 versus M2 

polarization of macrophages in antitumor immune responses. Cancer Res. 
70, 4840–4849 (2010). 

103. Chiba, S. et al. Tumor-infiltrating DCs suppress nucleic acid-mediated 
innate immune responses through interactions between the receptor TIM-3 
and the alarmin HMGB1. Nat. Immunol. 13, 832–842 (2012). 

104. Matlung, H. L., Szilagyi, K., Barclay, N. A. & van den Berg, T. K. The 
CD47–SIRPα signaling axis as an innate immune checkpoint in cancer. 
Immunological Rev. 276, 145–164 (2017). 

105. Hartley, G. P., Chow, L., Ammons, D. T., Wheat, W. H. & Dow, S. W. 
Programmed cell death ligand 1 (PD-L1) signaling regulates macrophage 
proliferation and activation. Cancer Immunol. Res. 6, 1260–1273 (2018). 

106. Chen, W., Wang, J., Jia, L., Liu, J. & Tian, Y. Attenuation of the 
programmed cell death-1 pathway increases the M1 polarization of 
macrophages induced by zymosan. Cell Death Dis. 7, e2115 (2016). 

107. Huang, X. et al. PD-1 expression by macrophages plays a pathologic role in 
altering microbial clearance and the innate inflammatory response to sepsis.  
Proc. Natl Acad. Sci. USA 106, 6303–6308 (2009). 

108. Shen, L. et al. PD-1/PD-L pathway inhibits M.tb-specific CD4+ T-cell 
functions and phagocytosis of macrophages in active tuberculosis. Sci. Rep. 
6, 38362 (2016). 

109. Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer immunoediting: 
integrating immunity’s roles in cancer suppression and promotion. Science 
331, 1565–1570 (2011). 

110. Lecoultre, M., Dutoit, V. & Walker, P. R. Phagocytic function of 
tumor-associated macrophages as a key determinant of tumor progression 
control: a review. J. Immunother. Cancer 8, e001408 (2020). 

111. Liu, J., Qian, C. & Cao, X. Post-translational modification control of innate 
immunity. Immunity 45, 15–30 (2016). 

112. Bene, K., Halasz, L. & Nagy, L. Transcriptional repression shapes the identity 
and function of tissue macrophages. FEBS Open Bio. 11, 3218–3229 (2021). 

113. Zhivaki, D. et al. Inflammasomes within hyperactive murine dendritic cells 
stimulate long-lived T cell-mediated anti-tumor immunity. Cell Rep. 33, 
108381 (2020). 

114. Christofides, A., Konstantinidou, E., Jani, C. & Boussiotis, V. A. The role of 
peroxisome proliferator-activated receptors (PPAR) in immune responses. 
Metabolism 114, 154338 (2021). 

115. Chawla, A. et al. A PPARγ–LXR–ABCA1 pathway in macrophages is 
involved in cholesterol effiux and atherogenesis. Mol. Cell 7, 161–171 (2001). 

116. Moore, K. J. et al. The role of PPARγ in macrophage differentiation and 
cholesterol uptake. Nat. Med. 7, 41–47 (2001). 

117. Tavazoie, M. F. et al. LXR/ApoE activation restricts innate immune 
suppression in cancer. Cell 172, 825–840 (2018). 

118. Serhan, C. N. Pro-resolving lipid mediators are leads for resolution 
physiology. Nature 510, 92–101 (2014). 

119. Libreros, S. et al. A new E-series resolvin: RvE4 stereochemistry and 
function in efferocytosis of inflammation-resolution. Front. Immunol. 11, 
631319 (2020). 

120. Sulciner, M. L. et al. Resolvins suppress tumor growth and enhance cancer 
therapy. J. Exp. Med. 215, 115–140 (2018). 

Acknowledgements 
This work was supported by NIH grants R01CA238263 (V.A.B.) and R01CA229784 
(A. Charest and V.A.B.). 

Author contributions 
A. Christofides, L.S., A.Y., and C.C. wrote the main sections of the manuscript. A. Charest 
generated sections of the manuscript related to glioblastoma. V.A.B. generated sections 
of the manuscript, prepared figures, guided the co-authors and was responsible for the 
organization of the document. 

Competing interests 
V.A.B. has patents on the PD-1 pathway licensed by Bristol-Myers Squibb, Roche, Merck, 
EMD-Serono, Boehringer Ingelheim, AstraZeneca, Novartis, and Dako. The authors 
declare no other competing interests. 

 

Additional information 
Correspondence should be addressed to Vassiliki A. Boussiotis. 

Peer review information Nature Immunology thanks Ping-Chih Ho, Judith Varner and 
the other, anonymous, reviewer(s) for their contribution to the peer review of this work. 
Ioana Visan was the primary editor on this article and managed its editorial process and 
peer review in collaboration with the rest of the editorial team. 

Reprints and permissions information is available at www.nature.com/reprints. 

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

© Springer Nature America, Inc. 2022 
 

1156 NATURE IMMUNOLOGY | VOL 23 | AUGUST 2022 | 1148–1156 | www.nature.com/natureimmunology 

REVIEW ARTICLE NATURE IMMUNOLOGY 

http://www.nature.com/reprints
http://www.nature.com/natureimmunology


 

 

Seminars in Cancer Biology 86 (2022) 187–201 

 

 

 

 

 

 

 

 

 

 

Immune cellular components and signaling pathways in the 

tumor microenvironment 

Sasitorn Yenyuwadee a,b,c,1, Konstantinos Aliazis a,b,1, Qi Wang a,b, Anthos Christofides a,b, 

Rushil Shah a,b, Nikolaos Patsoukis a,b,d,*, Vassiliki A. Boussiotis a,b,d,* 

a Division of Hematology-Oncology, Beth Israel Deaconess Medical Center 

b Department of Medicine Beth Israel Deaconess Medical Center, Harvard Medical School 

c Department of Dermatology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand 

d Cancer Center, Beth Israel Deaconess Medical Center, Harvard Medical School Boston, MA 02215, USA 

 

 

A  R  T  I  C  L  E I  N  F  O  

 
Keywords: 

Tumor microenvironment 

Signaling pathways 

Checkpoint inhibitors 

A  B  S  T  R  A  C  T  
 

During the past decade there has been a revolution in cancer therapeutics by the emergence of antibody -based 

and cell-based immunotherapies that modulate immune responses against tumors. These new therapies have 

extended and improved the therapeutic efficacy of chemo-radiotherapy and have offered treatment options to 

patients who are no longer responding to these classic anti-cancer treatments. Unfortunately, tumor eradication 

and long-lasting responses are observed in a small fraction of patients, whereas the majority of patients respond 

only transiently. These outcomes indicate that the maximum potential of immunotherapy has not been reached 

due to incomplete knowledge of the cellular and molecular mechanisms that guide the development of successful 

anti-tumor immunity and its failure. In this review, we discuss recent discoveries about the immune cellular 

composition of the tumor microenvironment (TME) and the role of key signaling mechanisms that compromise 

the function of immune cells leading to cancer immune escape.  
 

 

 

1. Cancer immunosurveillance pathways and the tumor 

microenvironment 

 

The exploitation of the immune system for the treatment of cancer 

has been investigated for many years. However, enthusiasm waxed and 

waned based on discoveries that supported or opposed the hypothesis 

that cancer can be subjected to immune-mediated control. It is currently 

understood that not only the immune system can control cancer growth 
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but has an important role in shaping the immunogenicity of cancer cells 

via immunoediting [1]. During early stages of cancerous differentiation 

of normal cells, continuous immune surveillance results in the identifi- 

cation and elimination of these malignant populations through genera- 

tion of adaptive anti-tumor immune responses. Tumor-associated 

macrophages (TAMs) have a central role in this process by mediating 

phagocytosis and clearance of cancer cells [2] and the presentation of 

cancer neoantigens to T cells [3]. Through continuous control, the im- 

mune system keeps cancer under check achieving equilibrium, even 

without complete elimination. The adaptive antitumor immune system 

can efficiently recognize neoantigens resulting from tumor-specific so- 

matic mutations, antigens derived from oncogenic viruses, and antigens 

whose expression is shared with tissues at immune-privileged sites [4]. 

When cancer antigens yield peptides capable of binding to an in- 

dividual’s HLA alleles (neoepitopes), they can elicit CD4+ and CD8+ T 

cell responses [5,6] as evidenced by the presence and prognostic sig- 

nificance of immune infiltrates in human tumors [7–9]. However, under 

the continuous immune pressure cancer cells develop alterations to 

overcome immune attack, resulting in escape and growth of tumors that 

are resistant to the physiological immune mechanisms utilized to 

recognize and present antigens thereby engaging adaptive immune 

responses. 

Escape mechanisms include tumor cell-intrinsic adaptations such as 

downregulation of tumor neoantigens and induction of protective 

mechanisms rendering tumors resistant to cytotoxic cells of adaptive 

immunity. In that regard, it has been determined that genomic alter- 

ations and changes of neoantigen load are linked to diminished immune 

responses [10]. Escape may also result from the development of 

immunosuppressive mechanisms of the TME, with the production of 

soluble factors such as IDO, VEGF, and TGF-β [11,12]. Alterations in the 

cellular populations of the TME such as recruitment of immunosup- 

pressive myeloid-derived suppressor cells (MDSCs) that are produced 

during cancer-driven emergency myelopoiesis, regulatory T cells (Tregs) 

and tumor associated macrophages (TAMs) have important roles in 

shaping the properties of the TME (Fig. 1) [13]. Changes also occur in 

dendritic cells (DC) which lose their ability to process and present tumor 

antigens to T cells [14]. Expression of co-inhibitory molecules in these 

immune populations shapes the signaling landscape of the TME, 

generating primarily pro-tumorigenic cues by suppressing critical 

functions of myeloid cells and TAMs, such as phagocytosis and antigen 

presentation, and compromising the ability of T cells to mount immune 

responses. These signaling pathways have a key role in cancer immune 

escape but also represent targets for immune-based treatments that have 

re-shaped modern cancer therapy. Among the coinhibitory receptors, 

inhibitory targeting PD-1 and its ligands with blocking antibodies has 

been the cornerstone of cancer immunotherapy and together with 

 

 
 

Fig. 1. During tumorigenesis, growth factors, such as M-CSF and GM-CSF, and damage-associated molecular patterns (DAMPs) produced by cancer cells due to rapid 

replication and apoptosis, act on bone marrow myeloid progenitors inducing emergency myelopoiesis and output of immature myelosuppressive PMN-MDSCs and M- 

MDSCs, which are recruited to the tumor via chemokines such as CCL2, CCL5 and CXCL12. In the TME, PMN-MDSCs and M-MDSCs directly induce immunosup- 

pression, whereas M-MDSCs are also converted into tolerogenic and pro-tumorigenic TAMs by the function of soluble factors such as IL-6, IL-10 and VEGF. TAMs lose 

the physiologic properties of macrophages such as phagocytosis and together with MDSCs and soluble factors produced in the TME suppress the antigen presenting 

function of DCs, leading to impaired activation of tumor-specific T cells and generation of Treg cells. These orchestrated changes in the properties of immune cells 

promote cancer immune escape. 
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CTLA-4 blocking agents have revolutionized cancer treatment. In this 

review, we provide a concise summary of how key coinhibitory re- 

ceptors shape the function of the immune components of the TME and 

discuss the role of immune populations during tumorigenesis and cancer 

evolution. 

 

2. Dendritic cells are key mediators of tumor antigen 

presentation 

 

Dendritic cells (DC) are professional antigen-presenting cells (APC) 

that play an important role in the tumorigenic and non-tumorigenic 

environment by activating CD8+ T cells and enhancing antitumor re- 

sponses. DCs make up a small minority of the tumor-infiltrating leuco- 

cytes [15]. In both human and mice, four different major subsets of DCs 

have been characterized: the classical DC1 (cDC1), the heterogeneous 

population cDC2, the monocyte-derived DC (mo-DC), and the plasma- 

cytoid DC (pDC) [16]. cDC1 expresses a distinct gene expression profile 

and specific markers [17]. It has been reported that cDC1 are critical for 

priming CD8+ T cells whereas cDC2 are responsible for priming CD4+ T 

cells [18] and support Th17 responses [19]. The DC2 group is a more 

heterogeneous population consisting of two different types of DCs, cDC2 

and DC3 [20]. In agreement to that, another study revealed two distinct 

cDC2 populations by transcriptional analysis, cDC2A and cDC2B which 

express T-bet and RORγt respectively and are conserved across both 

human and mice [21] and might correspond to cDC2 and DC3 [22]. In 

humans, DC2 and DC3 derive from progenitors with differential 

expression of IRF8, where high expression led to the development of 

cDC1 and DC2, whereas low expression of IRF8 led to the development 

of DC3 and monocytes [23]. In contrast to cDC2 which require FLT3L for 

expansion, DC3 expanded and differentiated in the presence of 

granulocyte-macrophage stimulating factor (GM-CSF) but not FLT3L, 

providing further evidence that DC3s forms a distinct population within 

the cDC2 compartment [24]. Mo-DC can either derive directly from 

CD34+ precursors or from monocytes [25,26]. Studies have indicated 

that IRF4 might be required for the differentiation of cDC2 and mo-DC, 

however, mo-DC do not share the same precursors as cDC2 [27,28]. 

Lastly, pDC are a distinct subpopulation of DC deriving from the com- 

mon DC progenitors, secrete IFN-α/β and play an important role in viral 

infections [28]. 

Chemokines are mainly responsible for cDC1 recruitment and 

retention in the TME (Fig. 1). Tumors secrete several chemokines 

including CXCL9, CXCL10, and CXCL11, which can recruit Th1 and 

CD8+ T cells, CCL20 which recruits Th17 and immature DC, and CCL2 or 

CCL5 which recruit monocytes [29]. NK cells can also recruit cDC1 to 

the TME by secretion of CCL5 and XCL1, an effect abrogated by pros- 

taglandin E2 (PGE2) production [30]. Inhibition of PGE2 production by 

ablation of COX1 or COX2 leads to increased accumulation of cDC1, 

tumor eradication, and increased sensitivity of tumor towards anti-PD-1 

treatment [31]. Cytokines also play a role in the positioning of the DC in 

the TME. FLT3L secreted by NK cells and lymphocytes in mouse and 

human tumors has an active role in the recruitment and localization of 

cDC1 [32]. 

Generation of anti-tumor CD8+ T cell responses requires cross- 

presentation of tumor peptides to naïve CD8+ T cells on MHC class I 

molecules by the DC (Fig. 2A). Although priming of naïve T cells occurs 

in the tumor-draining lymph nodes, studies have shown that cross- 

presentation can also occur within the TME [33]. The antigens can 

travel to the lymph node either on cell debris or after their engulfment 

by migratory CD103+ cDC1 found in the TME, which then migrate to the 

tumor-draining lymph node and cross-present tumor antigens to naïve T 

cells, either directly or through antigen exchange to resident myeloid 

cells [34]. However, only the migratory CD103+ cDC1, but not the 

lymph node resident CD8+ cDC1, can prime naïve CD8+ T cells [35]. 

CCR7 is required for cDC1 migration to the tumor-draining lymph node 

and ablation of CCR7 expression results in a significantly smaller 

migratory effect of cDC1 to tumor-draining lymph node and a dimin- 

ished T cell activation profile [36]. In human tumors, CCR7 expression 

positively correlates with greater DC infiltration and increased patient 

 

 
 

 

Fig. 2. DCs, particularly the cDC1 subset, can capture and process tumor-associated antigens and present them to CD4+ T cells by MHC-II molecules. cDC1 can also 

cross-present (XP) tumor-associated antigens to CD8+ T cells by MHC-I molecules (A). Expression of checkpoint inhibitors such PD-1, PD-L1 and TIM-3, compromise 

these functions leading to impaired T cell activation, T cell expansion and anti-tumor immunity. 
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survival [36]. 

Within the TME, CD103+ cDC1 secrete CXCL9 and CXCL10 which 

recruit CXCR3+CD8+ effector T cells to the tumor [37]. In non-tumor 

models, CXCR3 has been previously shown to drive CD4+ and CD8+ T 

cell recruitment into the lymph nodes and in close contact to DC for T 

cell priming [38]. In a melanoma mouse model, CXCL9 and CXCL10 

secreted by CD103+ cDC1 were responsible for the recruitment of 

effector T cells and for controlling tumor growth [39]. CD103+ cDC1 are 

located at distal regions of the tumor and despite their sparsity, they are 

good CTL activators [15]. Furthermore, cDC1 can uptake and 

cross-present tumor antigens to T cells more efficiently than other 

myeloid cells, which can also engulf tumor cells and uptake tumor an- 

tigens [15]. These CD103+ cDC1 also secrete increased levels of IL-12 

but not IL-10 suggesting a dominant role in facilitating increased cyto- 

toxic function of intratumoral CD8+ T cells [15]. 

Tumors have developed several mechanisms of immune evasion 

which restrict the function of cDC1 [40]. One such mechanism involves 

reducing the number of cDC1 in the TME. Tumors in breast and 

pancreatic cancers secrete the G-CSF thereby inhibiting the expression of 

IRF8 which is responsible for the generation of DC progenitors [41]. 

Similarly, reduction of FLT3L production within the tumor limits the 

differentiation, expansion, and survival of intratumoral cDC1 [35]. The 

reduced tumor infiltration by DC might also result from an impaired 

chemoattractant profile in the TME. PGE2 production leads to impaired 

NK viability and consequently impaired CCL5 and CXCL1 chemokine 

production, both of which act as chemoattractants for cDC1 [30]. 

Impairment of cDC1 function is also possible through direct inhibi- 

tion of cDC1. In a breast cancer model, IL-10 which is secreted mainly by 

tumor-associated macrophages in the TME, resulted in low levels of IL- 

12 cDC1-mediated secretion [42]. Similarly, PGE2 reduced the produc- 

tion of IL-12 by cDC1 and downregulated the expression of 

co-stimulatory molecules [31]. In murine tumor models, lipid accumu- 

lation led to decreased ability of DC to translocate the peptide-MHC class 

I complex to the cell surface resulting in decreased antigen-presentation 

ability and T cell stimulation [43]. Tumor-derived TGF-β also inhibited 

the antigen presentation capacity of DC, impaired their ability to stim- 

ulate T cells, and decreased their migration capacity to the draining 

lymph nodes [44]. 

Suppression of cDC1 responses in the context of cancer is also driven 

by the inhibitory receptors present on the surface of DC (Fig. 2B). In 

patients with hepatocellular carcinoma, PD-1+ DC circulate in their 

peripheral blood, making them potentially prone to inhibition by PD-L1, 

the ligand of PD-1, present in the TME [45]. PD-L1 is highly expressed on 

both tumor cells and immune cells present in the TME [46]. PD-L1 

expression in tumor infiltrating DC might be stabilized by phosphory- 

lation mediated by the enzyme casein kinase 2 (CK2) [47], which is 

highly expressed in multiple cancers and is linked to increased cell  

growth, proliferation and inhibition of apoptosis [48]. Inhibition of CK2 

decreased PD-L1 expression on DC and resulted in tumor suppression 

through release of CD80 from DC thereby allowing T cells to receive 

CD80-mediated co-stimulatory signals and become activated [47]. In 

PD-L1-deficient tumors, tumor-associated DC upregulatedPD-L1 

expression [49]. The authors hypothesized that this upregulation 

could be an escape mechanism of the tumor by which immune cells 

receive inhibitory signals through the PD-L1-PD-1 axis. PD-L1 deletion 

on DC enhanced CD8+ anti-tumor T cell responses despite the higher 

number of tumor-associated macrophages in the TME [50]. In addition 

to its canonical interaction with PD-1 in trans, PD-L1 can also bind to 

CD80 in cis [51,52] and this interaction disrupts the PD-1: PD-L1 axis 

and prevents T cell inactivation [53,54]. Blocking of PD-L1 on DC allows 

CD80 to re-engage with CD28 on T cells and enhance T cell priming 

[55]. In ovarian tumor-infiltrating DC, PD-1 inhibited the secretion of 

TNFα and IL-6, and downregulated the expression of CD80, CD40, and 

MHC class I molecules [56]. PD-1 regulated multiple NF-κB targets by 

recruiting the SHP-2 to the cytoplasmic domain tyrosine-based switch 

motif (ITSM) of PD-1 [56]. Anti-PD-1 reversed the suppressive effect of 

PD-1 on cytokines but had no effect on the expression of the 

co-stimulatory and antigen-presenting molecules [56]. Together these 

studies provide evidence about the critical role of DC-expressed PD-L1 in 

the induction of PD-1-mediated T cell immunosuppression in the context 

of cancer. 

TIM-3, a T cell checkpoint inhibitory receptor, is highly expressed on 

DCs in the TME compared to normal tissues and inhibits innate immune 

responses through recognition of nucleic acids via the pattern recogni- 

tion receptors TLR3, TLR7, and TLR9 [57]. A combination of CK2 and a 

TIM-3 inhibitors led to greater tumor suppression and longer survival 

times for the mice [47]. TIM-3 was also highly expressed on intra- 

tumoral cDC1 in a mouse model for breast cancer [58]. Antibody 

blockade of TIM-3 led to increased granzyme B expression by CD8+ T 

cells and enhanced expression of CXCL9 by cDC1 [58]. Moreover, 

deletion of TIM-3 on DCs resulted in strong anti-tumoral CD8+ T cell 

responses and inflammasome activation [59]. TIM-4, a receptor 

responsible for engulfment of dead cells, is highly expressed in normal 

lung cDC1, however, inhibition of this receptor results in incomplete 

activation of anti-tumorigenic CD8+ T cells and increased tumor growth 

[60]. 

cDC2 cells have been historically considered to derive from mono- 

cytes and are recognized as cells responsible for Th2 and Th17 responses 

[61,62]. As mentioned earlier, they are recognized as a heterogeneous 

group which can be broken down into two different subsets, DC2 and 

DC3 [22]. In the context of cancer, these cells can travel from the tumor 

to the tumor-draining lymph nodes and present tumor antigens to CD4+ 

T cells [63]. Depletion of Treg leads to increased cDC2 ability to induce 

strong T cell responses and increased ratio of cDC2 to Treg is correlated 

with better clinical outcome and responsiveness to anti-PD-1 therapy 

[63]. DC3 are poorly characterized in the context of cancer. They rise 

from granulocyte-monocyte-DC progenitors and express low levels of 

IRF8 [23]. They are present in human papillomavirus-associated 

oropharyngeal squamous cell carcinoma tumors, are potent Th1 acti- 

vators, and can secrete high levels of IL-12 and IL-18 which have the 

potential to drive anti-tumor responses [64]. It has been reported that 

DC3 bear signatures of both DC and monocyte-derived DC [22]. DC3 can 

stimulate memory T cells to produce IL-17 and differentiate naïve T cells 

into Th17 [65]. The differentiation program of these cells is regulated by 

GM-CSF [24]. Similarly, mo-DC can be generated in vitro from CD34+ 

precursors by culture with GM-CSF and TNF-α or monocytes by culture 

with GM-CSF and IL-4 [25,26]. However, only Mo-DC generated in vitro 

express the DC marker Zbtb46, providing evidence that these in vitro 

generated populations might not be the true counterparts of mo-DC 

differentiated in vivo [66]. The role of mo-DC in the presentation of 

tumor antigens is currently unclear. It was reported that although 

mo-DC can uptake antigen they have impaired capacity to induce potent 

T cell responses due to increased nitric oxide (NO) production [67]. 

However, in a different experimental system it was found that mo-DC 

could induce strong anti-tumor CD8+ T cell responses, which were 

impaired by blockade of monocyte entry to tumors [68]. Further studies 

are needed to fully characterize the cDC2, DC3 and mo-DC roles in the 

context of cancer. 

pDCs are found in higher frequencies in human cancers and their 

presence is associated with poor prognosis and decreased survival [69]. 

Although pDCs normally produce IFN-α, in tumor settings including 

ovarian cancer, breast cancer, and melanoma, cancer-associated pDC 

have impaired IFN-α secretion [70]. This effect might be mediated by 

TNF-α and TGF-β present in the TME, which affect production of other 

cytokines such as IL-6, MIP-1b (CCL4) and RANTES [70]. In human 

ovarian cancer, pDCs are present in the tumor -but not ascites- can 

induce IL-10 secretion by naïve allogeneic T cells, and correlate with 

relapse [70]. Furthermore, when pDCs were cultured in medium from 

head and neck squamous cell carcinoma their ability to secrete IFN-α 

after TLR stimulation was significantly limited by IL-10 present in the 

medium, supporting the hypothesis that immunosuppressive cytokines 

in the TME contribute to the anti-inflammatory profile of tumor 
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infiltrating immune cells [71]. Lastly, pDCs express the ICOS-L which 

can stimulate ICOS-expressing Foxp3+ Treg which in turn secrete IL-10 

in the TME and suppress immune responses [72]. Together, these 

immunological, signaling and functional features of DCs underline the 

pivotal role of this immune cell population in the development of 

anti-tumor responses and explain why DC-targeting signaling alterations 

in the TME might have a significant impact in anti-tumor immunity. 

 

3. Myeloid derived suppressor cells (MDSC) inhibit anti-tumor T 

cell responses 

 

The constant and prolonged secretion of danger-associated molecu- 

lar patterns (DAMPs) and cytokines from the tumor cells has a direct 

effect on the bone marrow, through a process that is called in emergency 

myelopoiesis. During emergency myelopoiesis, immature myeloid cells, 

named MDSCs, with potent immunosuppressive properties, are pro- 

duced and accumulate in the tumor microenvironment and peripheral 

organs. High numbers of these cells are associated with poor treatment 

outcome and worse clinical prognosis in various cancer types [73]. Two 

major subsets of MDSCs have been described in mice: Poly- 

morphonuclear MDSCs (PMN-MDSCs) monocytic-MDSCs (M-MDSCs), 

which resemble morphologically and phenotypically to neutrophils and 

monocytes, respectively. PMN-MDSCs are identified as 

CD11b+Ly6G+Ly6Clo in mice and CD11b+CD14-CD15+/CD66b+ in 

humans, while M-MDSCs are identified as CD11b+Ly6G-Ly6Chi in mice 

and CD14+CD15-HLA-DRlo/- in humans [74]. 

Among the mechanisms proposed for MDSC-mediated suppression 

function and subsequent cancer immune evasion, checkpoint inhibitors 

might have an important role. MDSCs isolated from patients with AML 

express high levels of VISTA and siRNA-mediated VISTA deletion 

attenuated MDSC-mediated inhibition of CD8+ T cells [75]. VISTA, a B7 

family ligand, is predominantly expressed on the hematopoietic 

compartment, with highest expression observed in myeloid cells, 

including monocytic and granulocytic cells, and weaker expression on T 

cells [76]. VISTA was also identified as a homolog of PD-1, a member of 

the CD28 superfamily, indicating a potential function both as a ligand 

and a receptor [77]. VISTA transcription can be induced by HIF-1α 

suggesting that hypoxia is implicated in VISTA upregulation in MDSCs 

located in hypoxic regions of the TME [78]. VISTA deletion in MDSCs 

had no effects in T cell proliferation in vitro. However, VISTA deletion 

resulted in increased T cell proliferation under hypoxia, suggesting that 

regulation of MDSC function by VISTA might occur only under oxygen 

deprivation [78]. Furthermore, VISTA blockade in tumor-bearing mice 

altered the tumor infiltrating immune cell populations by decreasing 

MDSCs and increasing T cells with anti-tumor properties [79]. 

The MDSCs suppression capacity is also affected by the PD-1/PD-L1 

pathway. Compared to MDSCs localized in non-cancerous tissues, tumor 

infiltrating MDSCs express high levels of PD-L1, which is regulated by 

the COX2/mPGES1/PGE2 pathway, pSTAT1-IRF1 axis and hypoxia- 

induced HIF-1α [80–82]. Consistent with an active role of these path- 

ways in MDSC function, PD-L1 blockade under hypoxia diminished the 

ability of MDSCs to suppress T cell activation by reducing the production 

of IL-10 and IL-6 [82]. Notably, conditional deletion of PD-1 in the 

myeloid compartment in tumor-bearing mice, resulted in diminished NO 

production and attenuated suppressive capacity of M-MDSCs indicating 

that PD-1 blockade or deletion counteracts the generation of immuno- 

suppressive immature myeloid cells [83]. 

Due to their potent immunosuppressive properties, MDSCs have 

been associated with the limited efficacy of immunotherapy and stan- 

dard chemotherapy in mouse tumor models and cancer patients. 

Conversely, selective depletion of MDSC reversed resistance to anti- 

CTLA4 Ab treatment in tumor bearing mice and increased the 

numbers of cytotoxic CD8+ T cells in tumor-deraining lymph nodes and 

TME [84]. Doxycyline-induced suppression of MDSCs improved the ef- 

ficacy of PD-1 inhibitors [85]. Similarly, in a mouse model of gastric 

cancer, 5-flurouracil and oxaliplatin combination, which decreased 

 

MDSCs, augmented CD8+ tumor infiltrating T cells and improved the 

therapeutic efficacy of anti-PD-1 treatment [86]. Furthermore, epige- 

netic targeting of MDSC in mice bearing immunotherapy-resistant tu- 

mors resulted in tumor eradication after anti-PD-1/anti-CTLA4 

combined immunotherapy [87]. 

 

4. Generation of pro-tumorigenic tumor-associate macrophages 

(TAMs) 

 

After egress from the bone marrow, monocytes (or M-MDSCs) are 

recruited to the TME via chemokines of the CC and CXC families, such as 

CCL2, CCL5, and CXCL12 [88] produced by cancer cells at early stages of 

the cancer immunity cycle and convert to bone marrow-derived tumor 

associated macrophages (Fig. 1), which, together with 

embryonically-derived tissue resident macrophages, form the popula- 

tion of TAMs. TAMs represent the most abundant immune population of 

the TME, consisting ~50% of hematopoietic cells and have predomi- 

nantly pro-tumorigenic functions [89]. Pro-tumorigenic TAMs are 

immunosuppressive, lose the natural ability of macrophages to mediate 

phagocytosis and antigen presentation [83,90,91] and are characterized 

by expression of inhibitory molecules such as PD-1, PD-L1, VISTA, 

B7-H4 and TIM-3 [83,90–96]. 

The TME has a causative role in promoting the differentiation of pro- 

tumorigenic TAMs in a stepwise manner [97]. As a consequence of the 

malignant transformation of normal epithelial cells into cancerous cells 

by oncogenes and driver mutations, soluble factors, such as hemato- 

poietic growth factors (e.g., M-CSF, GM-CSF) cytokines (e.g., IL-6, IL-1, 

and IL-8) and chemokines (e.g., CCL2, CCL5, CXCL12), are produced 

during cancer evolution (Fig. 1). For example, in pancreatic adenocar- 

cinoma, KRASG12D mutation induces secretion of GM-CSF, which is 

correlated with an increased tumor infiltration by myeloid cells and 

immunosuppressive function [98,99]. p53 mutation has been docu- 

mented to induce cancer-related inflammation by suppressing the pro- 

duction of IL-1 receptor antagonist [100]. In human melanoma, 

BRAFV600E, a highly oncogenic mutated form of BRAF, and STAT3, a 

potent transcription factor often linked to oncogenic signaling, have 

been shown to drive expression of IL-6, IL-10 and VEGF, which promote 

a tolerogenic differentiation of bone marrow derived monocytes [101]. 

BRCA1-associated triple negative breast cancer induces pro-tumorigenic 

TAMs, by reprogramming glycolysis and SREBP1-mediated lipid meta- 

bolism, a metabolic signature associated with resistance to PARP in- 

hibitors [102]. These mechanisms induce a unique differentiation 

program of TAMs, which lose the normal properties of healthy macro- 

phages and obtain pro-tumorigenic features. 

The immunophenotypic and metabolic properties of TAMs were 

previously streamlined in the simplified concept that TAMs have a dif- 

ferentiation program resembling M2 macrophages, characterized by 

expression of CD206, CD204, VEGF, CD163 and Arg-1 [103]. This is in 

contrast to the expression of classical markers of M1 polarized macro- 

phage including CD80, CD86, MHC-II, iNOS and CD68, which correlated 

with effector function of macrophages and tumoricidal function of TAMs 

[103]. The M1/M2 programs rely mainly on metabolism, since proin- 

flammatory M1 macrophages are supported by glycolysis, whereas 

anti-inflammatory M2 macrophages utilize mainly fatty acid oxidation 

(FAO)[104]. This concept is no further considered appropriate, but such 

differentiation profiles remain useful in the characterization of TAMs 

because there is extensive experience regarding the correlation between 

the expression of such immune marker combinations and prognosis in 

various cancers [97,105]. 

Live cell imaging allowing assessment of the spatial interaction of 

TAMs with other cells of the TME has significantly improved our un- 

derstanding about the role of TAMs in tumor evolution. In a breast 

cancer mouse model, multiphoton microscopy studies showed that 

TAMs interact with mammary cancer cells, facilitating their intra- 

vasation and subsequent metastasis. Tumor cells closer to TAMs are 

more motile and are directed toward TAMs of the perivascular area 
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where they interact with blood vessels and enter the blood stream [106, 

107]. Real time imaging provided evidence about the role of peri- 

vascular Tie2hi TAMs in promoting transient vascular permeabilization 

and tumor intravasation, thereby facilitating metastasis [108]. In a 

model of GBM, intravital 2-photon microscopy showed two distinct TAM 

subtypes with morphological and functional differences: microglial cells 

which are large, highly branched and less motile, and bone 

marrow-derived macrophages which are smaller, less branched and less 

motile [109]. The differential properties of the spatially distinct subsets 

of TAMs might form attractive targets for therapeutic intervention. 

Beyond the impact of oncogenes in regulating the production of 

tumor-derived soluble factors that regulate monocyte recruitment and 

TAM generation, the mutational landscape of tumor cells alter other 

immune cell types that are recruited in the TME. Colorectal cancer 

(CRC) serves as a paradigm for this process. Based on gene expression 

studies, CRC can be classified into four molecular subtypes (CMS1–4) 

[110]. CRC-CMS1 has DNA mismatch-repair defects, which cause mi- 

crosatellite instability and hypermutation. These tumors are densely 

infiltrated by CD4+ and CD8+ T cells with high expression of immune 

checkpoint inhibitors including CTLA-4, PD-1, and PD-L1 and display 

favorable responses to checkpoint immunotherapy [111]. In contrast, 

CRC-CMS4 is characterized by tumor cells with a mesenchymal-like 

phenotype, an RNA sequencing profile dominated by signatures of the 

TGF-β pathway, Th17 pathway, monocyte/macrophage infiltration, and 

resistance to checkpoint immunotherapy [111]. Thus, cancer-specific 

properties have a significant impact on the quantitative and qualita- 

tive inflammatory infiltrate of the TME and in regulating the crosstalk 

between myeloid cells and the adaptive immune system. 

 

5. Tumor-associated T cells and signaling pathways shaping 

their function 

 

A critical determinant of tumor containment and progression over 

time is the number and function of T cells within the TME. For this 

reason, T cells are the key targets of antibody-based and cell-based im- 

munotherapies in cancer. During the phase of cancer escape from im- 

mune control, T cells that can recognize tumor-associated antigens and 

control tumor growth, lose the ability to mediate this function due to 

mechanisms related with tumor-induced tolerance and immunosup- 

pression (Fig. 1) [112]. These dysfunctional T cells are characterized by 

features of T cell exhaustion (TEX) observed in chronic viral infections 

[113] such as high surface expression of inhibitory receptors CTLA-4, 

PD-1, TIM-3, LAG-3, loss of expansion ability, and impaired effector 

function as determined by the diminished production of cytokines such 

as IFNγ and TNF-α (Fig. 3) [114]. The TEX state might be reversible or 

irreversible [115] and a central goal of novel immunotherapies is to 

achieve re-invigoration of tumor-specific TEX cells. The development of 

TEX state is mediated primarily by T cell-extrinsic factors that lead to 

persistent T cell activation by tumor antigens [116]. 

The co-inhibitory molecules such as PD-1 (CD279) and CTLA-4 

 

 

Fig. 3. Coinhibitory pathways in T cells and 

APC. T cell activation is initiated by recognition 

of antigens presented by antigen-presenting 

cells (APCs) to the T cell receptor (TCR)/CD3 

complex. CD28 is the prototype costimulatory 

receptor in T cells and interacts with CD80 and 

CD86. Many coinhibitory receptors are upre- 

gulated upon T cell activation and can atten- 

uate TCR and costimulatory signals. CTLA4 and 

PD-1 are the prototype co-inhibitory receptors 

expressed in T cells. CTLA-4 interacts with B7–1 

(CD80) and B7–2 (CD86) whereas PD-1 

(CD279) interacts with PD-L1 (CD274) and 

PD-L2 (CD273) to inhibit T cell responses. In 

addition to canonical interaction of PD-L1 with 

PD-1 in trans, PD-L1 interacts with B7–1 (CD80) 

in cis, when co-expressed on the same APC 

leading to diminished availability of PD-L1 for 

canonical interaction with PD-1 in trans. VISTA, 

TIM-3 and PD-1 are expressed both in T cells 

and APC and can regulate immune responses by 

altering the properties of myeloid cells and T 

cells. 
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(CD152) are induced during physiologic T cell stimulation to tame 

activation signals. CTLA-4 being upregulated and acting early during T 

cell activation, is the high affinity receptor of CD80/CD86. CTLA-4 

directly competes with CD28 for binding on CD80/CD86, and its bind- 

ing on CD80/CD86 ligands on APC can result in the depletion of CD80/ 

CD86 by trans-endocytosis [117] while simultaneously releasing free 

PD-L1 by eliminating availability of CD80 for PD-L1 engagement in 

PD-L1: CD80 interaction [118]. PD-1 is also induced upon 

TCR-mediated activation. Engagement of PD-1 by its ligands PD-L1 

(B7-H1 or CD274) and/or PD-L2 (B7-DC or B7-H3) counteracts TCR 

signaling and CD28-mediated co-stimulation [119,120]. PD-1 and 

CTLA-4 are the prototype inhibitory receptors, known as immune 

checkpoints, and are the most extensively utilized therapeutic targets in 

cancer immunotherapy [121]. 

After engagement with its ligands PD-L1 or PD-L2, but also via tonic 

signaling [122], PD-1 inhibits T cell functions by recruiting phospha- 

tases, predominantly SHP-2 but also SHP-1, to the immunoreceptor 

tyrosine-based switch motif (ITSM) and immunoreceptor tyrosine-based 

inhibitory motif (ITIM), expressed in PD-1 cytoplasmic tail, which 

antagonize TCR and CD28-mediated activation signals [123–126]. This 

TCR proximal signaling blockade results in inhibition of key down- 

stream pathways including PI3K/Akt and Ras leading to altered 

biochemical, transcriptional and metabolic T cell reprograming [127–

129]. Constitutive PD-1 expression on T cells induced by persis- tent 

antigen stimulation during cancer promotes immune evasion, and 

blockade of the PD-1 pathway can improve T cell function and reduce 

tumor burden in multiple experimental tumor models and multiple 

types of human cancers [130,131]. 

The expression status of PD-L1 on tumor cells has served as a factor 

for patient stratification for anti-PD-1 therapy. However, in several 

clinical studies, there were patients with undetectable PD-L1 on tumors, 

who also responded to anti-PD-1 therapy [132]. This effect can be 

explained by the fact that, other cell types in the TME, such as macro- 

phages, DCs, tumor-associated fibroblasts and myeloid cells also express 

PD-L1, creating an immunosuppressive TME for T cells and supporting 

tumor cell growth. Therefore, the relative contribution of PD-L1 on 

tumor cells and other cell types in limiting anti-tumor responses in the 

TME remains under investigation. PD-L1 expression on tumor cells can 

locally inhibit CD8+ T cell activation and protect PD-L1+, but not 

PD-L1— tumors from eradication by the immune system, indicating a 

critical role for tumor PD-L1 in suppressing antitumor immunity [133]. 

By genetic deletion of PD-L1 in tumor cells and host mice, a different 

study showed comparable contribution of PD-L1 on each of these com- 

partments to immune suppression, suggesting that PD-L1 expression in 

either of these compartments can be predictive of responses to 

PD-1/PD-L1 blockade therapy [134]. However by using conditional 

deletion of PD-L1 in tumor cells and dendritic cells-, transplantation 

chimeras, as well as various approaches of antibody blockade, it was 

determined by several investigators that PD-L1 expressed in APC, rather 

than tumor cells, has a causative role in compromising anti-tumor T cell 

responses and this APC-mediated PD-1 ligation and T cell immunosup- 

pression is the dominant interaction targeted by checkpoint blockade 

therapy [95,135]. Since DCs mediate CD4+ T cell priming and 

cross-presentation of tumor antigens to CD8 + T cells, upregulation of 

PD-L1 on dendritic cells can attenuate cytotoxic T cell activity and 

compromise antitumor responses [136,137]. 

Recently, in cis interaction of PD-L1 and B7–1, on the same cell 

surface of APC, has been reported by several studies [51–54]. The in cis 

interaction of B7–1 with PD-L1 impairs the interaction of PD-L1 with 

PD-1 in trans (Fig. 3) resulting in reduced PD-1 signaling (reviewed in 

[138]). Blockade of the in cis interaction of PD-L1/B7–1 by B7–1-specific 

antibodies could increase PD-1-mediated T cell suppression and alle- 

viate autoimmunity in several mouse models [139]. Among 

tumor-infiltrating myeloid cells, PD-L1-expressing DCs have a dominant 

role in regulating antitumor T cell responses via in cis interaction of 

PD-L1/B7–1 on DCs and PD-L1/PD-1 interactions between DCs and T 

cells. These findings suggest a new therapeutic mechanism of PD-L1 

checkpoint blockade acting on DCs to induce enhanced antigen pre- 

sentation for T cell priming and simultaneous clonal expansion [137]. A 

more comprehensive understanding of these mechanisms will be 

necessary to optimize PD-1/PD-L1 targeting immunotherapy. 

While the PD1/PD-L1 axis has been extensively investigated, other 

inhibitory pathways are also exploited by tumor cells, contributing to 

the generation of an immunosuppressive TME and escape of immuno- 

surveillance [140]. VISTA (B7-H5, PD-1 H, Gi24, Dies1, SISP1 and 

DD1α) has increasingly become a promising target for overcoming 

resistance to anti-PD-1 immunotherapy [141]. In addition to the ability 

of VISTA to regulate the immunosuppressive function of MDSC under 

hypoxia, as mentioned above [78], VISTA can function as an inhibitory 

regulator of naïve T cells, critical for steady-state maintenance of im- 

mune quiescence and peripheral tolerance (Fig. 3) [142]. Notably, 

VISTA can mitigate pathogenesis and progression of murine lupus by 

transmitting inhibitory signals on both T cells and myeloid cells [143, 

144]. 

Although few studies have reported VISTA expression on tumor cells 

[145,146], VISTA expression on intratumoral myeloid cells and stromal 

cells has been recognized as a potential mediator of acquired resistance 

to anti-PD-1 and anti-CTLA-4 immunotherapies in patients with meta- 

static melanoma and pancreatic ductal adenocarcinoma [147–149]. 

Therapeutic blockade of the VISTA pathway has been limited by its 

unknown binding partners and their function. A recent study identified 

VSIG-3 as a putative ligand of VISTA to inhibit T cell activation and 

cytokine production [150]. While at physiological pH VISTA interacts 

mainly with VSIG-3, in acidic pH, VISTA serves as a selective ligand for 

PSGL-1 receptor on T cells suppressing T cell function (Fig. 3) [151]. 

This unique pH-dependent VISTA/PSGL-1 interaction suggests that en- 

gineering pH-sensitive antibodies might enable selective targeting of 

VISTA within the acidic TME to reverse cancer-mediated immune sup- 

pression without compromising self-tolerance and inducing autoimmu- 

nity [151]. Thus, targeting the VISTA pathway can be achieved in a 

context-dependent manner to overcome the immunosuppressive TME 

and reinvigorate responses of tumor-specific T cells. 

 

5.1. T regulatory cells of the TME and implications in cancer 

immunotherapy 

 

It has been previously established that inhibition of Akt and its 

downstream target mTOR is required to induce Treg differentiation and 

sustain Treg suppressor function [152,153]. PD-1 ligation inhibits Akt 

activation [127] and synergizes with TGF-β to induce FoxP3+ iTreg cells 

with potent suppressive capacity [154]. Moreover, PD-1 promotes fatty 

acid oxidation [128], a metabolic program that supports the differen- 

tiation, survival and function of Treg cells [155]. Based on these, one 

would anticipate that PD-1 promotes Treg generation and suppressor 

function. However, recent studies revealed an unexpected connection 

between PD-1 expression in Treg cells and the outcome of PD-1 pathway 

blockade [156]. In humans, FoxP3+CD4+ Treg cells represent a heter- 

ogenous population that can be subdivided into three functionally and 

phenotypically distinct subsets [157]. Thymus derived naïve Tregs 

(nTreg: CD45RA+ FOXP3lo) and activated effector-Tregs (eTreg: 

CD45RA— FOXP3hi) are highly suppressive while the CD45RA— FOXP3lo 

Treg cells represent a non-Treg population with a potential of inflam- 

matory cytokine production. Among these Treg subsets, FoxP3+ Tregs 

infiltrating the TME in most cancers are predominantly the eTreg cells 

[158]. Expression of PD-1 was found in eTreg cells and the frequency of 

PD-1+ eTreg cells was higher in tumor samples from patients who did 

not respond to PD-1-blocking immunotherapy. Notably, blockade of the 

PD-1: PD-L1 pathway induced activation of eTreg in TILs, as determined 

by upregulation of CTLA-4, GITR and ICOS and these Treg obtained a 

more potent suppressor function. These results highlight a previously 

unappreciated role of PD-1 signaling in Tregs and suggest that PD-1 

blockade enhances the suppressive activity of Tregs that express high 
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levels of PD-1. While blocking PD-1 in PD-1+ CD8+ T cells converts them 

to CD8+ Teff cells that have potent effector function leading to tumor 

regression, blocking PD-1 in PD-1+ Treg converts them to activated 

eTreg that have potent suppressor function leading to tumor progres- 

sion. Thus, PD-1 expression balance between CD8+ Teff cells and eTreg 

in the TME that might predict the clinical efficacy of PD-1 blocking 

immunotherapy. 

 

6. T cell differentiation and cancer immunosurveillance 

 

CD8+ T cells play an important role in the adaptive immune response 

to intracellular pathogens and cancer [159]. Therapeutic responses to 

PD-1 checkpoint immunotherapy correlate with expansion of CD8+ 

memory T cells in mouse tumor models and patients [160]. Immuno- 

metabolic programs have a causative role in T cell differentiation and 

their immune function [161,162]. This is particularly important in the 

metabolically stressful TME where nutrient competition, hypoxia, excess 

ROS and metabolic byproducts of cancer cells create uniquely hostile 

conditions under which T cell activation by and cytotoxic function 

should be operated [163–165]. Although glycolysis has been intimately 

linked to effector function [166,167], augmenting glycolytic flux drives 

CD8+ T cells toward a terminally differentiated state, while its inhibition 

preserves the formation of long-lived TM CD8+ T cells [168]. Thus, 

multiple signaling pathways and mediators of metabolic reprogram- 

ming, such as mTOR, SREBP, Myc [169–172], have important roles in 

immune-mediated tumor control by guiding differentiation and function 

of T cells in the context of cancer [172–175]. After stimulation with 

antigen, CD8+ naive T cells expand and differentiate into TEFF cells and 

distinct TM cell subsets, including TSCM, TCM, and TEM [176]. Preclinical 

studies using adoptive transfer of purified CD8+ T cell populations 

revealed that less-differentiated T cells with features of TSCM and TCM 

mediate enhanced antitumor and antiviral responses compared with 

more-differentiated TEM and TEFF cells [177–179]. Preservation of TSCM 

and TCM cells with a quiescent phenotype and increased proliferative 

and survival capacities enhance T cell ability to maintain sustained 

anti-tumor control [180]. For example, Wnt signaling prevents T EFF 

differentiation, while promoting the generation of T SCM that maintain 

stemness and pluripotency and display long-lasting potent anti-tumor 

properties [179]. 

 

7. Tissue resident memory cells (TRM) are novel regulators of 

anti-tumor immunity 

 

Memory T cells have been classically divided into two subsets [181]. 

TEM cells create immediate effector function to inflamed tissues whereas 

central memory T cells (TCM) accumulate in secondary lymphoid organs 

and generate protective immunity [181,182]. Recently, a distinct T 

memory cell population, named tissue-resident memory T cells (TRM) 

were identified and classified by their unique phenotype and properties. 

These cells reside permanently in peripheral non-lymphoid tissues and 

provide a protective effect against infections and cancer [183,184]. TRM 

cells have been identified and investigated both in mice and humans in 

many tissues including skin, gut, brain and liver [185–187]. Although 

TRM cells were defined as either CD4+ or CD8+, only CD8+ TRM play a 

major role in cancer immunosurveillance and tumor prognosis [188–

190]. Traditionally, CD8+ TRM are defined by the co-expression of 

CD103, CD69 and/or CD49 [191], and downregulation of receptors that 

promote T cell recirculation including S1pr1, CD62L (L-selectin) and 

CCR7 [192–194]. CD103 integrin, formed by αE (CD103) and β7 sub- 

units, promotes TRM cells retention and homing to epithelial tissue and 

tumors [195–197]. TRM cells have an established role in protective im- 

munity in bacterial, viral infections and autoimmune diseases, including 

Listeria monocytogenes and Herpes Simplex infections and vitiligo. 

An important role of TRM in cancer is currently evolving. In a model 

of melanoma-associated vitiligo (MAV), using adoptive pmel cells which 

have a TCR that can detect melanoma gp100 antigen, it was shown that 

 

adoptively transferred pmel T cells acquired a TRM immunological pro- 

file with a CD103+CD69+CD62Llo phenotype in the skin, draining lymph 

nodes, lung, and liver [198]. In this context, TRM cells had a protective 

function against metastasis and expressed transcripts different from T CM 

cells, characterized by features of effector function and lipid meta- 

bolism. In a mouse model of epicutaneous melanoma, it was also 

determined that TRM have a role in promoting melanoma immune 

equilibrium [189]. Mice that did not develop melanoma (non-developer 

group) had higher numbers of CD69+CD103+ TRM cells than 

tumor-developer mice. In addition, intact skin from the non-developer 

group, peritumoral area, and tumoral area showed higher number of 

TRM cells. Notably, both CD69 and CD103 knock-out mice are more 

susceptible to melanoma formation than wild type counterparts, indi- 

cating the causative role of CD69 and CD103 proteins in regulating T RM 

development and anti-tumor function [189]. Other studies have shown 

that CD103 + TRM cells can protect against melanoma re-exposure 

providing evidence for the long-lasting ability of TRM to provide can- 

cer immunosurveilance [199]. In many types of cancer, CD8 + TRM cells 

display robust production of cytokines such as granzyme B, granzyme A, 

perforin, and IFN-γ [198,200–203]. Importantly, recent work, using a 

VHL deficiency mouse model, provided evidence for a link between 

HIF-1α and CD103 expression and showed that HIF-1α expression sup- 

ported enhanced differentiation of TRM cells with cytotoxic function 

[200,203]. These findings link HIF-1α, a key signature molecule of the 

TME, with TRM differentiation and function and underline the direct 

relevance of TRM in anti-tumor immunity. 

TRM cells express checkpoint receptors, and might serve as markers 

for prognosis prediction In melanoma patients, TRM express PD-1, TIM- 

3, and PD-L1 at higher levels than peripheral blood T cells. Single-cell 

RNA sequencing of T cells isolated from human breast cancer demon- 

strated a high number of TRM cells with a high level of TIM-3, PD-1, 

CTLA-4, TIGIT, and LAG-3 expression [190]. In lung cancer, PD-1, TIM 

— 3, and CD137 are highly expressed [202,204]. After ex vivo phar- 

macologic stimulation of PD-1+CD103+ CD8 TILs from ovarian cancer, 

these TRM-like cells highly expressed TIM-3, CTLA-4, and LAG-3 [205, 

206]. In lung cancer patients, after anti-PD-1 treatment, TRM cells 

upregulated PD-1, CTLA-4, TIM-3, TIGIT, and CD39 [207], whereas in 

melanoma patients PD-1 checkpoint immunotherapy resulted in 

TRM-specific upregulation of PD-1 and LAG-3 [208]. Notably, the num- 

ber of TRM cells is correlated with a better response to PD-1 checkpoint 

immunotherapy and a favorable prognosis in multiple cancers including 

melanoma, breast cancer, lung cancer, urothelial cancer, ovarian cancer 

and cervical cancer [205,208–215]. The unravelling role of TRM cells in 

cancer evolution and response to immunotherapy suggest that TRM 

might be a promising novel target for therapeutic exploitation in cancer. 

 

8. Innate lymphoid cells and their role in cancer 

immunotherapy 

 

Innate lymphoid cells (ILCs), which lack antigen-specific receptors, 

are considered as the innate equivalents of T cells. The most recent 

nomenclature classifies ILCs into five groups, namely ILC1s, ILC2s, ILC3s 

which are the equivalent of Th1, Th2, and Th17 CD4+ T helper (Th) 

cells, respectively, natural killer (NK) cells, which are the equivalent of 

CD8+ cytotoxic T cells, and lymphoid tissue-inducer cells (LTis), a 

unique subset involved in the development of secondary lymphoid or- 

gans [216]. With the exception of the highly mobile and constantly 

circulating NK cells, ILCs are largely tissue-resident cells. Besides their 

main role of immune surveillance and tissue homeostasis, ILCs have 

emerged as critical players in cancer growth and therapy [217]. ILCs 

express a plethora of activating and inhibitory receptors [218]. Among 

the latter, checkpoint inhibitory receptors increasingly raise attention 

due to their role in tumor immunotherapy. Here, we summarize the 

current knowledge on the role of checkpoint inhibitory receptors in ILCs 

in the context of cancer. 
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8.1. Natural Killer (NK) cells 

 

NK cells belong to a highly diverse subset of ILCs that circulate be- 

tween peripheral organs, exerting cytotoxic activity that can directly 

eliminate cancer cells or cells undergoing microbial infections [219–

221]. In healthy adults, NK cells comprise about 5–15% of circu- lating 

lymphocytes with the majority of healthy tissues mainly consist- ing of 

the mature highly cytolytic CD56dim NK cell subset, while the 

immature and poorly cytolytic CD56bright subset, although also present 

in healthy tissues, it becomes significantly enriched in cancer [222]. A 

plethora of activating and inhibitory receptors regulate NK cell devel- 

opment and function, with the dominant signal being inhibitory, 

resulting primarily from the interactions of certain NK cell inhibitory 

receptors with major histocompatibility complex class I (MHC-I) mole- 

cules [223,224]. These “classical” NK inhibitory receptorsinclude the 

group of Killer Ig-like receptors (KIRs) in humans and the LY49 group of 

receptors in rodents, as well as the CD94/NKG2A receptor (Fig. 4A), 

which also recognizes HLA-E in humans and Qa-1b in mice [218, 

223–228]. According to the “missing self” hypothesis [229], these 

inhibitory receptors have the unique ability to prevent NK cell responses 

against self, and allow NK cells to exert their cytotoxic activity against 

cells that have reduced or absent expression of MHC-I molecules. 

However, in the context of cancer, these NK inhibitory receptors hamper 

NK cell responses and contribute to tumor cell escape from elimination. 

Blocking antibodies, usually termed “immune checkpoint inhibitors” 

against KIRs (lirilumab) [230] and NKG2A (monalizumab) [231], which 

aim to improve NK cell function, are in phase I/II clinical trials against a 

range of hematologic malignancies and solid tumors either as mono- or 

combination therapy [232,233]. In addition, adoptive transfer of NK 

cells engineered to downregulate NKG2A in immunodeficient mice, 

efficiently prevented HLA-E+ tumor-mediated suppression leading to 

increased anti-tumor activity, suggesting this as a promising approach to 

be tested in a clinical setting [234]. 

Besides the classical inhibitory receptors, NK cells also express 

checkpoint inhibitory receptors (Fig. 4A). Expression of programmed 

cell death 1 (PD-1) was found on NK cells from healthy individuals 

correlating with prior HCMV infection [235]. Notably, PD-1 expression 

has been found to be restricted to the fully mature CD56dim or to the 

CD56neg NK compartment and not to the immature CD56bright NK cell 

subset [236]. PD-1 is also expressed on NK cells in the context of cancer. 

PD-1+ NK cells were detected in the peripheral blood of patients with 

multiple myeloma, Kaposi sarcoma and lung cancer patients [237–239], 

in pleural effusions from primary mesothelioma or metastatic adeno- 

carcinoma patients [240], in the peritoneal fluid of high-grade perito- 

neal carcinomatosis patients [241], and in the peripheral blood and 

ascitic fluid of ovarian carcinoma patients, with both mRNA and protein 

PD-1 levels to be higher in the CD56dim NK cell subset [242]. In contrast, 

PD-1 expression was found to be higher in CD56bright than CD56dim 

mature NK cells from blood and tissues from patients with Hodgkin 

lymphoma [243]. As in T cells, blockade of the PD-1/PD-L1 axis in NK 

cells could improve anti-tumor activity [243,244]. Interestingly, glu- 

cocorticoids present in the TME were found to be indispensable for PD-1 

induction on human NK cells, particularly when combined with the in- 

flammatory cytokines interleukin (IL)— 12, IL-15 and IL-18, which are 

abundant at the tumor site [245]. In addition, expression of the PD-1 

ligand, PD-L1, on NK cells has been associated with a regulatory func- 

tion, limiting DC-mediated tumor antigen cross-presentation to CD8+ 

cells and resulting in impaired memory responses [246]. 

The inhibitory receptor cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) has also been detected on NK cells from mice [247], in the 

blood from healthy donors and in the blood and tissues from cancer 

patients [248,249]. Similarly to PD-1, CTLA-4 was found to be pre- 

dominantly expressed on CD56dim NK cells from the blood of healthy 

individuals and was associated with decreased NK cell functionality 

[249]. These findings explain why CTLA-4 blockade, besides T cells, was 

also found to favor NK cell infiltration and antitumor function [250]. Of 

note, treatment with anti-CTLA-4 antibody could favor NK cell anti- 

tumor function indirectly, by depleting CTLA-4-expressing intratumoral 

regulatory T cells (Treg) [247]. 

Other checkpoint inhibitory receptors such as TIM-3, LAG-3, TIGIT), 

CD96 (TACTILE) have also been identified in NK cells (Fig. 4A). 

Although mostly considered as an inhibitory receptor [251,252], TIM-3 

has also been reported to have an activation role in NK cells [253]. 

Higher TIM-3 expression has been observed on the CD56dim NK cell 

subset, while on the CD56bright cell subset it may be upregulated upon 

cytokine stimulation [251]. In the context of cancer, TIM-3 has been 

detected in NK cells from patients with advanced melanoma [254,255], 

gastric cancer [256], lung adenocarcinoma [257], and bladder cancer 

[258]. Increased TIM-3 expression was found in both CD56dim and 

CD56bright NK cell subsets, correlating with shorter overall survival 

[257]. Conversely, blockade of TIM-3 signals with TIM-3-specific anti- 

bodies improved NK cell functions in vitro [254,257]. 

LAG-3 acts synergistically with PD-1 and contributes to T cell and NK 

cell dysfunction, exhaustion [259] and tumor escape [260]. Several 

 

 
 

Fig. 4. NK cells and ILCs express multiple inhibitory receptors. NK cells express the classical inhibitory receptors KIR and NKG2A. Both NK cells and ILC express 

multiple checkpoint inhibitors. These receptors and their ligands offer new therapeutic opportunities to improve NK cell functions for cancer immunotherapy.  
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years of efforts testing LAG-3 as promising checkpoint blockade therapy 

recently led to the first approval of LAG-3 blocking antibody (relatli- 

mab-rmbw) for combination therapy together with PD-1 antibody 

nivolumab (Opdualag) for the treatment of patients with unresectable or 

metastatic melanoma. An alternative approach used a LAG-3-Ig fusion 

protein (IMP321) as a soluble high affinity MHC-II agonist to enhance 

antigen presenting function. Treatment with IMP321 as monotherapy 

enhanced IFN-γ and TNF-α production in NK cells from control donors 

and cancer patients ex vivo [261], and was also shown to increase the 

number and activation of NK cells in the blood of breast cancer patients 

in combination with standard chemotherapy [262]. 

A separate group of receptors, also referred to as novel NK cell im- 

mune checkpoints, includes the inhibitory receptors TIGIT and CD112R 

[263] as well as the costimulatory receptor CD226 (DNAM-1) [264], and 

CD96 (TACTILE) for which both inhibitory and costimulatory functions 

have been reported [265,266]. These receptors interact with molecules 

of the nectin family CD155 (PVR) and CD112 (Nectin-2) (Fig. 4A) [267], 

two ligands with ubiquitous low level expression, often up-regulated in 

cancer cells [268,269] and myeloid suppressor cells within the TME 

[270,271]. TIGIT is expressed by activated T cells and NK cells and binds 

its ligands CD155 and CD112 expressed on antigen presenting cells 

(APC) [272]. Expression of these ligands by several cancer types results 

in T cell and NK cell exhaustion, impaired tumor immune infiltration 

and compromised antitumor function [273–275]. The TIGIT pathway 

and its related receptors and ligands offer new options for 

antibody-based blocking strategies, which have shown to improve 

tumor control in mice particularly when combined with PD-1/PD-L1 or 

CTLA-4 blockade [276]. 

 
8.2. Helper ILCs 

 

Recent studies suggest that checkpoint receptors are involved in the 

immune responses of helper ILC subsets and have important implica- 

tions in anti-tumor immunity (Fig. 4B). However, little information is 

currently available regarding the mechanisms by which these receptors 

regulate helper ILC functions. Although not detected in helper ILCs from 

healthy human tissue samples [277], PD-1 is expressed on 

tumor-associated helper ILC populations [278]. It was recently reported 

that helper ILC subsets are present in human malignant pleural effu- 

sions, with a notable PD-1 expression level on the ILC3 subset [240]. 

Another study, using single-cell RNA sequencing and a CRC mouse 

model associated with AOM/DSS-induced colitis, identified 

high-PD-1-expressing ILC2 infiltrates and demonstrated the importance 

of this specific subset in tumor progression [279]. Furthermore, PD-1+ 

ILC2 cells were present in most human PDAC tissues as well as in 

orthotopic PDAC tumors in mice, in which PD-1 blockade, resulted in 

ILC2 expansion and improved antitumor immunity [280]. These find- 

ings suggest the potential role of ILC2 cells as tissue-specific enhancers 

of cancer immunity that may amplify the efficacy of anti-PD-1 

immunotherapy. 

Similarly to PD-1, CTLA-4 expression was found to be very low in 

helper ILCs from healthy donors [281], but is increased in helper ILC 

subsets within tumor tissues [278]. High CTLA-4 expression has also 

been reported on intratumoral ILC1 subsets in mice [282]. Although 

TIM-3 has been detected on ILC3s from human decidua during preg- 

nancy and inhibiting IL-22 production [283], currently very limited 

information is known regarding TIM-3 expression on helper ILCs in the 

context of cancer. Transcriptomic and immunophenotyping analyses in 

mouse and human cSCCs identified infiltration of functionally impaired 

NK and ILC1 cells characterized by reduced cytotoxicity and IFN-γ 

secretion, which correlated with decreased expression of activating re- 

ceptors and increased expression of exhaustion markers including TIGIT 

on NK cells, and PD-1 and TIM-3 on ILC1s [284]. LAG-3 expression has 

not been reported in resting ILCs, but in the context of cancer and upon 

TGF-β-mediated conversion of NK to ILC1 cells, several checkpoint re- 

ceptors were upregulated, among which LAG-3, TIGIT and CD96 

expression has been documented [282]. The functional effects of 

blocking these receptors on helper ILCs remain to be determined.  

 

9. Concluding remarks 

 

Profiling the immune cells in the TME of patients with evolving 

techniques has revealed significant information regarding the immune 

cell composition of the TME in experimental animal models and patients 

with various types of cancer. It is increasingly understood that the im- 

mune cellular components of the TME, including DCs, TAMs and MDSCs 

have decisive roles in regulating cancer evolution and immune escape 

but also the outcomes of cancer therapy including chemotherapy, 

checkpoint immunotherapy and cancer vaccines. Although in healthy 

tissues these myeloid cells provide defense against insults mediated by 

pathogens, in the TME these cells lose their protective immune functions 

and convert to pro-tumorigenic mediators that support cancer growth 

and metastasis. Via such changes, myeloid cell populations fail to recruit 

T cells, present tumor antigens and mediate anti-tumor T cell responses. 

Instead, these myeloid cells suppress T cell activation by blunting 

recognition of tumor antigens, eliminating engagement of co- 

stimulatory pathways, upregulating the expression of inhibitory re- 

ceptors and their ligands, and producing inhibitory soluble mediators 

thereby creating an immunosuppressive milieu. Engagement of inhibi- 

tory receptors on T cells of the TME impairs signaling events mediated 

by T cell receptor and costimulatory pathways and promotes generation 

of TEX tumor-specific cells that are unable to mount anti-tumor re- 

sponses. The TME also promotes differentiation of iTreg by T cell re- 

ceptor engagement by tumor antigens and concomitant ligation of 

coinhibitory receptors, and production of Treg-promoting soluble fac- 

tors such as TGF-β and IL-10. Together these mechanisms abrogate 

cancer immunosurveillance and support cancer evolution and immune 

escape. Although checkpoint blockade and cell-based therapies have 

achieved significant progress, challenges ahead include advancing the 

outcome of immunotherapy by targeting changes of the TME that 

compromise the function of key immune populations and preclude their 

ability to recognize and respond to tumor antigens. Such tentative tar- 

gets for intervention include metabolic alterations, vasculature abnor- 

malities and soluble inhibitors produced in the TME. Such efforts might 

repurpose available drugs previously used in the clinic, which can be 

administered together or sequentially with immunomodulating immu- 

notherapies and cell-based therapies. In doing so, an additional chal- 

lenge will be to achieve cancer elimination while preserving self- 

tolerance and preventing autoimmunity. 

 

CRediT authorship contribution statement 

 

SY, KA, QW, AC, RS wrote the main sections of the manuscript. NP 

generated sections of the manuscript and prepared figures. VAB gener- 

ated sections of the manuscript, prepared figures, guided the co-authors 

and was responsible for the organization of the document. 

 

Competing interests 

 

VAB has patents on the PD-1 pathway licensed by Bristol-Myers 

Squibb, Roche, Merck, EMD-Serono, Boehringer Ingelheim, AstraZe- 

neca, Novartis, and Dako. The authors declare no other competing 

interests. 

 

Acknowledgments 

 

This work was supported by NIH grants R01CA238263, 

R01CA229784, R01CA212605 (VAB); and grants JDRF (International 1- 

INO-2002-1119-A-N) and Sanofi (iAwards SRA 2020-0033) (NP). 



S. Yenyuwadee et al. Seminars in Cancer Biology 86 (2022) 187–201 

197 

 

 

 

Conflict of interest 

 

VAB has patents on the PD-1 pathway licensed by Bristol-Myers 

Squibb, Roche, Merck, EMD-Serono, Boehringer Ingelheim, AstraZe- 

neca, Novartis, and Dako. The authors declare no other competing 

interests. 

 

References 

 
[1] R.D. Schreiber, L.J. Old, M.J. Smyth, Cancer immunoediting: integrating 

immunity’s roles in cancer suppression and promotion, Science 331 (6024)  

(2011) 1565–1570. 

[2] M. Lecoultre, V. Dutoit, P.R. Walker, Phagocytic function of tumor-associated 

macrophages as a key determinant of tumor progression control: a review, 

J. Immunother. Cancer 8 (2020) 2. 

[3] D. Hirayama, T. Iida, H. Nakase, The phagocytic function of macrophage- 

enforcing innate immunity and tissue homeostasis, Int J. Mol. Sci. 19 (1) (2017). 

[4] T.N. Schumacher, W. Scheper, P. Kvistborg, Cancer neoantigens, Annu Rev. 

Immunol. 37 (2019) 173–200. 

[5] N.A. Rizvi, et al., Cancer immunology. Mutational landscape determines 

sensitivity to PD-1 blockade in non-small cell lung cancer, Science 348 (6230) 

(2015) 124–128. 

[6] A. Snyder, et al., Genetic basis for clinical response to CTLA-4 blockade in 

melanoma, New Engl. J. Med. 371 (23) (2014) 2189–2199. 

[7] G. Bindea, et al., Spatiotemporal dynamics of intratumoral immune cells reveal  

the immune landscape in human cancer, Immunity 39 (4) (2013) 782–795. 

[8] R.S. Herbst, et al., Predictive correlates of response to the anti-PD-L1 antibody 

MPDL3280A in cancer patients, Nature 515 (7528) (2014) 563–567. 

[9] J. Galon, et al., Type, density, and location of immune cells within human 

colorectal tumors predict clinical outcome, Science 313 (5795) (2006) 

1960–1964. 

[10] W.C. Hahn, et al., An expanded universe of cancer targets, Cell 184 (5) (2021) 

1142–1155. 

[11] S. Spranger, et al., Up-regulation of PD-L1, IDO, and T(regs) in the melanoma 

tumor microenvironment is driven by CD8(+) T cells, Sci. Transl. Med 5 (200) 

(2013) 200ra116. 

[12] M.S. Rooney, et al., Molecular and genetic properties of tumors associated with 

local immune cytolytic activity, Cell 160 (1–2) (2015) 48–61. 

[13] M. Binnewies, et al., Understanding the tumor immune microenvironment (TIME) 

for effective therapy, Nat. Med. 24 (5) (2018) 541–550. 

[14] T.L. Murphy, K.M. Murphy, Dendritic cells in cancer immunology, Cell Mol. 

Immunol. 19 (1) (2022) 3–13. 

[15] M. Broz, et al., Dissecting the tumor myeloid compartment reveals rare activating 

antigen-presenting cells critical for T cell immunity, Cancer Cell 26 (5) (2014) 

638–652. 

[16] L. Amon, et al., The ontogenetic path of human dendritic cells, Mol. Immunol.  

120 (2020) 122–129. 

[17] M. Collin, V. Bigley, Human dendritic cell subsets: an update, Immunology 154 

(1) (2018) 3–20. 

[18] K. Hildner, et al., Batf3 deficiency reveals a critical role for CD8alpha+ dendritic 

cells in cytotoxic T cell immunity, Science 322 (5904) (2008) 1097–1100. 

[19] I. Leal Rojas, et al., Human blood CD1c+ dendritic cells promote Th1 and Th17 

effector function in memory CD4+ T Cells, Front Immunol. 8 (2017) 971. 

[20] A. Villani, et al., Single-cell RNA-seq reveals new types of human blood dendritic 

cells, monocytes, and progenitors, Science 356 (6335) (2017) eaah4573. 

[21] C. Brown, et al., Transcriptional basis of mouse and human dendritic cell  

heterogeneity, Cell 179 (4) (2019) 846–863.e24. 

[22] E. Kvedaraite, F. Ginhoux, Human dendritic cells in cancer, Sci. Immunol. 7 (70) 

(2022) eabm9409. 

[23] U. Cytlak, et al., Differential IRF8 transcription factor requirement defines two 

pathways of dendritic cell development in humans, Immunity 53 (2) (2020) 

353–370.e8. 

[24] P. Bourdely, et al., Transcriptional and functional analysis of CD1c + human 

dendritic cells identifies a CD163+ subset priming CD8+CD103+ T Cells, 

Immunity 53 (2) (2020) 335–352.e8. 

[25] C. Caux, et al., GM-CSF and TNF-alpha cooperate in the generation of dendritic 

Langerhans cells, Nature 360 (6401) (1992) 258–261. 

[26] F. Sallusto, A. Lanzavecchia, Efficient presentation of soluble antigen by cultured 

human dendritic cells is maintained by granulocyte/macrophage colony- 

stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor 

alpha, J. Exp. Med. 179 (4) (1994) 1109–1118. 

[27] A. Lehtonen, et al., Differential expression of IFN regulatory factor 4 gene in 

human monocyte-derived dendritic cells and macrophages, J. Immunol. 175 (10) 

(2005) 6570–6579. 

[28] F. Geissmann, et al., Development of monocytes, macrophages, and dendritic  

cells, Science 327 (5966) (2010) 656–661. 

[29] N. Nagarsheth, M. Wicha, W. Zou, Chemokines in the cancer microenvironment  

and their relevance in cancer immunotherapy, Nat. Rev. Immunol. 17 (9) (2017)  

559–572. 

[30] J. Bo¨ttcher, et al., NK cells stimulate recruitment of cDC1 into the tumor 

microenvironment promoting cancer immune control, Cell 172 (5) (2018) 

1022–1037.e14. 

[31] S. Zelenay, et al., Cyclooxygenase-dependent tumor growth through evasion of 

immunity, Cell 162 (6) (2015) 1257–1270. 

[32] K. Barry, et al., A natural killer-dendritic cell axis defines checkpoint therapy- 

responsive tumor microenvironments, Nat. Med 24 (8) (2018) 1178–1191. 

[33] P. Shrikant, M. Mescher, Control of syngeneic tumor growth by activation of CD8 

+ T cells: efficacy is limited by migration away from the site and induction of 

nonresponsiveness, J. Immunol. 162 (5) (1999) 2858–2866. 

[34] K. Asano, et al., CD169-positive macrophages dominate antitumor immunity by 

crosspresenting dead cell-associated antigens, Immunity 34 (1) (2011) 85–95. 

[35] H. Salmon, et al., Expansion and activation of CD103(+) dendritic cell 

progenitors at the tumor site enhances tumor responses to therapeutic PD-L1 and 

BRAF inhibition, Immunity 44 (4) (2016) 924–938. 

[36] E. Roberts, et al., Critical role for CD103(+)/CD141(+) dendritic cells bearing 

ccr7 for tumor antigen trafficking and priming of T cell immunity in melanoma,  

Cancer Cell 30 (2) (2016) 324–336. 

[37] M. Mikucki, et al., Non-redundant requirement for CXCR3 signalling during 

tumoricidal T-cell trafficking across tumour vascular checkpoints, Nat. Commun. 

6 (2015) 7458. 

[38] M. Kurachi, et al., Chemokine receptor CXCR3 facilitates CD8(+) T cell 

differentiation into short-lived effector cells leading to memory degeneration,  

J. Exp. Med. 208 (8) (2011) 1605–1620. 

[39] S. Spranger, et al., Tumor-residing Batf3 dendritic cells are required for effector T 

cell trafficking and adoptive T cell therapy, Cancer Cell 31 (5) (2017) 711–723. 

e4. 

[40] D. Hanahan, Hallmarks of cancer: new dimensions, Cancer Discov. 12 (1) (2022) 

31–46. 

[41] M. Meyer, et al., Breast and pancreatic cancer interrupt IRF8-dependent dendritic 

cell development to overcome immune surveillance, Nat. Commun. 9 (1) (2018)  

1250. 

[42] B. Ruffell, et al., Macrophage IL-10 blocks CD8+ T cell-dependent responses to 

chemotherapy by suppressing IL-12 expression in intratumoral dendritic cells, 

Cancer Cell 26 (5) (2014) 623–637. 

[43] D. Herber, et al., Lipid accumulation and dendritic cell dysfunction in cancer, Nat. 

Med 16 (8) (2010) 880–886. 

[44] J. Kobie, et al., Transforming growth factor beta inhibits the antigen-presenting 

functions and antitumor activity of dendritic cell vaccines, Cancer Res 63 (8) 

(2003) 1860–1864. 

[45] T. Lim, et al., PD-1 expression on dendritic cells suppresses CD8+ T cell function 

and antitumor immunity, Oncoimmunology 5 (3) (2016), e1085146. 

[46] V. Boussiotis, Molecular and biochemical aspects of the PD-1 checkpoint 

pathway, New Engl. J. Med 375 (18) (2016) 1767–1778. 

[47] X. Zhao, et al., Phosphorylation and stabilization of PD-L1 by CK2 suppresses 

dendritic cell function, Cancer Res (2022) p. canres.2300.2021. 

[48] M. Gapany, et al., Association of elevated protein kinase CK2 activity with 

aggressive behavior of squamous cell carcinoma of the head and neck, Mol. Med 1 

(6) (1995) 659–666. 

[49] J. Lau, et al., Tumour and host cell PD-L1 is required to mediate suppression of 

anti-tumour immunity in mice, Nat. Commun. 8 (2017) 14572. 

[50] S. Oh, et al., PD-L1 expression by dendritic cells is a key regulator of T-cell 

immunity in cancer, Nat. Cancer 1 (7) (2020) 681–691. 

[51] A. Chaudhri, et al., PD-L1 Binds to B7-1 Only In Cis on the Same Cell Surface, 

Cancer Immunol. Res 6 (8) (2018) 921–929. 

[52] S. Haile, et al., Tumor cell programmed death ligand 1-mediated T cell 

suppression is overcome by coexpression of CD80, J. Immunol. 186 (12) (2011) 

6822–6829. 

[53] Y. Zhao, et al., Antigen-presenting cell-intrinsic PD-1 neutralizes PD-L1 in cis to 

attenuate PD-1 signaling in T cells, Cell Rep. 24 (2) (2018) 379–390.e6. 

[54] D. Sugiura, et al., Restriction of PD-1 function by cis-PD-L1/CD80 interactions is 

required for optimal T cell responses, Science 364 (6440) (2019) 558–566. 

[55] M. Mayoux, et al., Dendritic cells dictate responses to PD-L1 blockade cancer 

immunotherapy, Sci. Transl. Med 12 (534) (2020) eaav7431. 

[56] L. Karyampudi, et al., PD-1 blunts the function of ovarian tumor-infiltrating 

dendritic cells by inactivating NF-κB, Cancer Res 76 (2) (2016) 239–250. 

[57] S. Chiba, et al., Tumor-infiltrating DCs suppress nucleic acid-mediated innate 

immune responses through interactions between the receptor TIM-3 and the 

alarmin HMGB1, Nat. Immunol. 13 (9) (2012) 832–842. 

[58] A´. de Mingo Pulido, et al., TIM-3 regulates CD103+ dendritic cell function and 

response to chemotherapy in breast cancer, Cancer Cell 33 (1) (2018) 60–74.e6. 

[59] K. Dixon, et al., TIM-3 restrains anti-tumour immunity by regulating 

inflammasome activation, Nature 595 (7865) (2021) 101–106. 

[60] N. Caronni, et al., TIM4 expression by dendritic cells mediates uptake of tumor- 

associated antigens and anti-tumor responses, Nat. Commun. 12 (1) (2021) 2237. 

[61] D. Anderson, et al., Genetic models of human and mouse dendritic cell  

development and function, Nat. Rev. Immunol. 21 (2) (2021) 101–115. 

[62] L. Amon, et al., Transcriptional control of dendritic cell development and 

functions, Int. Rev. Cell Mol. Biol. 349 (2019) 55–151. 

[63] M. Binnewies, et al., Unleashing type-2 dendritic cells to drive protective 

antitumor CD4+ T cell immunity, Cell 177 (3) (2019) 556–571.e16. 

[64] D. Mittag, et al., Human dendritic cell subsets from spleen and blood are similar 

in phenotype and function but modified by donor health status, J. Immunol. 186 

(11) (2011) 6207–6217. 

[65] E. Segura, et al., Human inflammatory dendritic cells induce Th17 cell  

differentiation, Immunity 38 (2) (2013) 336–348. 

[66] X. Wu, et al., Mafb lineage tracing to distinguish macrophages from other 

immune lineages reveals dual identity of Langerhans cells, J. Exp. Med. 213 (12) 

(2016) 2553–2565. 

http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref1
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref1
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref1
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref2
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref2
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref2
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref3
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref3
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref4
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref4
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref5
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref5
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref5
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref6
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref6
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref7
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref7
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref8
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref8
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref9
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref9
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref9
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref10
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref10
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref11
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref11
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref11
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref12
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref12
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref13
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref13
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref14
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref14
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref15
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref15
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref15
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref16
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref16
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref17
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref17
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref18
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref18
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref19
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref19
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref19
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref19
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref20
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref20
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref21
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref21
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref22
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref22
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref23
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref23
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref23
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref24
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref25
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref25
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref26
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref26
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref26
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref26
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref27
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref27
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref27
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref28
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref28
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref29
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref29
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref29
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref30
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref30
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref30
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref31
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref31
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref32
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref32
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref33
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref33
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref33
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref34
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref34
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref35
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref35
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref35
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref36
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref36
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref36
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref37
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref37
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref37
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref38
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref38
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref38
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref39
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref39
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref39
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref40
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref40
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref41
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref41
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref41
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref42
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref42
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref42
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref43
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref43
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref44
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref44
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref44
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref45
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref45
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref45
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref46
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref46
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref47
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref47
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref48
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref48
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref48
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref49
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref49
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref50
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref50
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref51
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref51
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref52
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref52
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref52
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref53
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref53
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref54
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref54
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref55
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref55
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref56
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref56
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref57
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref57
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref57
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref58
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref58
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref58
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref58
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref59
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref59
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref60
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref60
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref61
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref61
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref62
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref62
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref63
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref63
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref63
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref64
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref64
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref64
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref65
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref65
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref66
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref66
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref66


S. Yenyuwadee et al. Seminars in Cancer Biology 86 (2022) 187–201 

198 

 

 

 

[67] D. Laoui, et al., The tumour microenvironment harbours ontogenically distinct  

dendritic cell populations with opposing effects on tumour immunity, Nat.  

Commun. 7 (2016) 13720. 

[68] S. Kuhn, J. Yang, F. Ronchese, Monocyte-derived dendritic cells are essential for 

CD8(+) T cell activation and antitumor responses after local immunotherapy,  

Front Immunol. 6 (2015) 584. 

[69] I. Treilleux, et al., Dendritic cell infiltration and prognosis of early stage breast  

cancer, Clin. Cancer Res 10 (22) (2004) 7466–7474. 

[70] S. Labidi-Galy, et al., Quantitative and functional alterations of plasmacytoid 

dendritic cells contribute to immune tolerance in ovarian cancer, Cancer Res 71 

(16) (2011) 5423–5434. 

[71] K. Bruchhage, et al., IL-10 in the microenvironment of HNSCC inhibits the CpG 

ODN induced IFN-α secretion of pDCs, Oncol. Lett. 15 (3) (2018) 3985–3990. 

[72] C. Conrad, et al., Plasmacytoid dendritic cells promote immunosuppression in 

ovarian cancer via ICOS costimulation of Foxp3(+) T-regulatory cells, Cancer Res 

72 (20) (2012) 5240–5249. 

[73] F. Veglia, E. Sanseviero, D.I. Gabrilovich, Myeloid-derived suppressor cells in the 

era of increasing myeloid cell diversity, Nat. Rev. Immunol. (2021). 

[74] V. Bronte, et al., Recommendations for myeloid-derived suppressor cell 

nomenclature and characterization standards, Nat. Commun. 7 (2016) 12150. 

[75] L. Wang, et al., VISTA is highly expressed on MDSCs and mediates an inhibition of 

T cell response in patients with AML, Oncoimmunology 7 (9) (2018), e1469594. 

[76] L. Wang, et al., VISTA, a novel mouse Ig superfamily ligand that negatively 

regulates T cell responses, J. Exp. Med 208 (3) (2011) 577–592. 

[77] D.B. Flies, et al., Cutting edge: a monoclonal antibody specific for the 

programmed death-1 homolog prevents graft-versus-host disease in mouse 

models, J. Immunol. 187 (4) (2011) 1537–1541. 

[78] J. Deng, et al., Hypoxia-induced VISTA promotes the suppressive function of 

myeloid-derived suppressor cells in the tumor microenvironment, Cancer 

Immunol. Res. 7 (7) (2019) 1079–1090. 

[79] I. Le Mercier, et al., VISTA regulates the development of protective antitumor 

immunity, Cancer Res 74 (7) (2014) 1933–1944. 

[80] V. Prima, et al., COX2/mPGES1/PGE2 pathway regulates PD-L1 expression in 

tumor-associated macrophages and myeloid-derived suppressor cells, Proc. Natl. 

Acad. Sci. USA 114 (5) (2017) 1117–1122. 

[81] C. Lu, et al., The expression profiles and regulation of PD-L1 in tumor-induced 

myeloid-derived suppressor cells, Oncoimmunology 5 (12) (2016), e1247135. 

[82] M.Z. Noman, et al., PD-L1 is a novel direct target of HIF-1alpha, and its blockade 

under hypoxia enhanced MDSC-mediated T cell activation, J. Exp. Med 211 (5) 

(2014) 781–790. 

[83] L. Strauss, et al., Targeted deletion of PD-1 in myeloid cells induces antitumor 

immunity, Sci. Immunol. 5 (43) (2020). 

[84] P.E. Clavijo, et al., Resistance to CTLA-4 checkpoint inhibition reversed through 

selective elimination of granulocytic myeloid cells, Oncotarget 8 (34) (2017) 

55804–55820. 

[85] Y. Li, et al., Targeting myeloid-derived suppressor cells to attenuate vasculogenic 

mimicry and synergistically enhance the anti-tumor effect of PD-1 inhibitor, 

iScience 24 (12) (2021), 103392. 

[86] W. Kim, et al., PD-1 signaling promotes tumor-infiltrating myeloid-derived 

suppressor cells and gastric tumorigenesis in mice, Gastroenterology 160 (3) 

(2021) 781–796. 

[87] K. Kim, et al., Eradication of metastatic mouse cancers resistant to immune 

checkpoint blockade by suppression of myeloid-derived cells, Proc. Natl. Acad. 

Sci. USA 111 (32) (2014) 11774–11779. 

[88] A. Mantovani, et al., Chemokines in the recruitment and shaping of the leukocyte 

infiltrate of tumors, Semin Cancer Biol. 14 (3) (2004) 155–160. 

[89] A. Robinson, et al., Monocyte regulation in homeostasis and malignancy, Trends 

Immunol. 42 (2) (2021) 104–119. 

[90] S.R. Gordon, et al., PD-1 expression by tumour-associated macrophages inhibits 

phagocytosis and tumor immunity, Nature 545 (7655) (2017) 495–499. 

[91] M. Qorraj, et al., The PD-1/PD-L1 axis contributes to immune metabolic 

dysfunctions of monocytes in chronic lymphocytic leukemia, Leukemia 31 (2017) 

470–478. 

[92] S. Chiba, et al., Tumor-infiltrating DCs suppress nucleic acid-mediated innate 

immune responses through interactions between the receptor TIM-3 and the 

alarmin HMGB1, Nat. Immunol. 13 (9) (2012) 832–842. 

[93] K.O. Dixon, et al., TIM-3 restrains anti-tumour immunity by regulating 

inflammasome activation, Nature 595 (7865) (2021) 101–106. 

[94] W.I. Seo, et al., Expression of VISTA on tumor-infiltrating immune cells correlated 

with short intravesical recurrence in non-muscle-invasive bladder cancer, Cancer 

Immunol. Immunother. 70 (11) (2021) 3113–3122. 

[95] H. Lin, et al., Host expression of PD-L1 determines efficacy of PD-L1 pathway 

blockade-mediated tumor regression, J. Clin. Invest 128 (2) (2018) 805–815. 

[96] D. Dangaj, et al., Novel recombinant human b7-h4 antibodies overcome tumoral 

immune escape to potentiate T-cell antitumor responses, Cancer Res 73 (15) 

(2013) 4820–4829. 

[97] A. Sica, et al., Macrophage polarization in tumour progression, Semin Cancer 

Biol. 18 (5) (2008) 349–355. 

[98] Y. Pylayeva-Gupta, et al., Oncogenic Kras-induced GM-CSF production promotes 

the development of pancreatic neoplasia, Cancer Cell 21 (6) (2012) 836–847. 

[99] L.J. Bayne, et al., Tumor-derived granulocyte-macrophage colony-stimulating 

factor regulates myeloid inflammation and T cell immunity in pancreatic cancer,  

Cancer Cell 21 (6) (2012) 822–835. 

[100] V. Ubertini, et al., Mutant p53 gains new function in promoting inflammatory 

signals by repression of the secreted interleukin-1 receptor antagonist, Oncogene 

34 (19) (2015) 2493–2504. 

[101] H. Sumimoto, et al., The BRAF-MAPK signaling pathway is essential for cancer- 

immune evasion in human melanoma cells, J. Exp. Med 203 (7) (2006) 

1651–1656. 

[102] A.K. Mehta, et al., Targeting immunosuppressive macrophages overcomes PARP 

inhibitor resistance in BRCA1-associated triple-negative breast cancer, Nat. 

Cancer 2 (1) (2021) 66–82. 

[103] F.O. Martinez, et al., Macrophage activation and polarization, Front Biosci. 13 

(2008) 453–461. 

[104] L.A. O’Neill, E.J. Pearce, Immunometabolism governs dendritic cell and 

macrophage function, J. Exp. Med 213 (1) (2016) 15–23. 

[105] S.D. Jayasingam, et al., Evaluating the polarization of tumor-associated 

macrophages into M1 and M2 phenotypes in human cancer tissue: technicalities 

and challenges in routine clinical practice, Front Oncol. 9 (2019) 1512. 

[106] J.B. Wyckoff, et al., Direct visualization of macrophage-assisted tumor cell 

intravasation in mammary tumors, Cancer Res 67 (6) (2007) 2649–2656. 

[107] M.J. Pittet, Behavior of immune players in the tumor microenvironment, Curr.  

Opin. Oncol. 21 (1) (2009) 53–59. 

[108] A.S. Harney, et al., Real-time imaging reveals local, transient vascular 

permeability, and tumor cell intravasation stimulated by TIE2hi macrophage- 

derived VEGFA, Cancer Disco 5 (9) (2015) 932–943. 

[109] Z. Chen, J.L. Ross, D. Hambardzumyan, Intravital 2-photon imaging reveals 

distinct morphology and infiltrative properties of glioblastoma-associated 

macrophages, Proc. Natl. Acad. Sci. USA 116 (28) (2019) 14254–14259. 

[110] J. Guinney, et al., The consensus molecular subtypes of colorectal cancer, Nat.  

Med 21 (11) (2015) 1350–1356. 

[111] E. Picard, et al., Relationships between immune landscapes, genetic subtypes and 

responses to immunotherapy in colorectal cancer, Front Immunol. 11 (2020) 369. 

[112] G. Willimsky, T. Blankenstein, Sporadic immunogenic tumours avoid destruction 

by inducing T-cell tolerance, Nature 437 (7055) (2005) 141–146. 

[113] C.U. Blank, et al., Defining ’T cell exhaustion’, Nat. Rev. Immunol. 19 (11) (2019) 

665–674. 

[114] K.E. Pauken, et al., Epigenetic stability of exhausted T cells limits durability of 

reinvigoration by PD-1 blockade, Science 354 (6316) (2016) 1160–1165. 

[115] S.J. Im, et al., Defining CD8+ T cells that provide the proliferative burst after PD- 

1 therapy, Nature 537 (7620) (2016) 417–421. 

[116] A. Schietinger, et al., Tumor-specific T cell dysfunction is a dynamic antigen- 

driven differentiation program initiated early during tumorigenesis, Immunity 45  

(2) (2016) 389–401. 

[117] O.S. Qureshi, et al., Trans-endocytosis of CD80 and CD86: a molecular basis for 

the cell-extrinsic function of CTLA-4, Science 332 (6029) (2011) 600–603. 

[118] M. Tekguc, et al., Treg-expressed CTLA-4 depletes CD80/CD86 by trogocytosis, 

releasing free PD-L1 on antigen-presenting cells, Proc. Natl. Acad. Sci. USA 118 

(30) (2021). 

[119] E. Hui, et al., T cell costimulatory receptor CD28 is a primary target for PD-1- 

mediated inhibition, Science 355 (6332) (2017) 1428–1433. 

[120] R. Mizuno, et al., PD-1 primarily targets TCR signal in the inhibition of functional 

T cell activation, Front Immunol. 10 (2019) 630. 

[121] S.H. Baumeister, et al., Coinhibitory pathways in immunotherapy for cancer,  

Annu Rev. Immunol. 34 (2016) 539–573. 

[122] R.A. Fernandes, et al., Immune receptor inhibition through enforced phosphatase 

recruitment, Nature 586 (7831) (2020) 779–784. 

[123] J.M. Chemnitz, et al., SHP-1 and SHP-2 associate with immunoreceptor tyrosine- 

based switch motif of programmed death 1 upon primary human T cell  

stimulation, but only receptor ligation prevents T cell activation, J. Immunol. 173  

(2) (2004) 945–954. 

[124] T. Yokosuka, et al., Programmed cell death 1 forms negative costimulatory 

microclusters that directly inhibit T cell receptor signaling by recruiting 

phosphatase SHP2, J. Exp. Med. 209 (6) (2012) 1201–1217. 

[125] N. Patsoukis, et al., Interaction of SHP-2 SH2 domains with PD-1 ITSM induces 

PD-1 dimerization and SHP-2 activation, Commun. Biol. 3 (1) (2020) 128. 

[126] J. Celis-Gutierrez, et al., Quantitative interactomics in primary T cells provides a 

rationale for concomitant PD-1 and BTLA coinhibitor blockade in cancer 

immunotherapy, Cell Rep. 27 (11) (2019) 3315–3330.e7. 

[127] N. Patsoukis, et al., Selective effects of PD-1 on Akt and Ras pathways regulate 

molecular components of the cell cycle and inhibit T cell proliferation, Sci. Signal 

5 (230) (2012) ra46. 

[128] N. Patsoukis, et al., PD-1 alters T-cell metabolic reprogramming by inhibiting 

glycolysis and promoting lipolysis and fatty acid oxidation, Nat. Commun. 6 

(2015) 6692. 

[129] V.A. Boussiotis, N. Patsoukis, Effects of PD-1 signaling on immunometabolic 

reprogramming, Immunometabolism 4 (2) (2022). 

[130] K. Bardhan, T. Anagnostou, V.A. Boussiotis, The PD1:PD-L1/2 pathway from 

discovery to clinical implementation, Front Immunol. 7 (2016) 550. 

[131] S.L. Topalian, et al., Immunotherapy: the path to win the war on cancer? Cell 161 

(2) (2015) 185–186. 

[132] W. Zou, J.D. Wolchok, L. Chen, PD-L1 (B7-H1) and PD-1 pathway blockade for 

cancer therapy: Mechanisms, response biomarkers, and combinations, Sci. Transl.  

Med 8 (328) (2016) 328rv4. 

[133] V.R. Juneja, et al., PD-L1 on tumor cells is sufficient for immune evasion in 

immunogenic tumors and inhibits CD8 T cell cytotoxicity, J. Exp. Med 214 (4) 

(2017) 895–904. 

[134] J. Lau, et al., Tumour and host cell PD-L1 is required to mediate suppression of 

anti-tumour immunity in mice, Nat. Commun. 8 (2017) 14572. 

[135] H. Tang, et al., PD-L1 on host cells is essential for PD-L1 blockade-mediated tumor 

regression, J. Clin. Invest 128 (2) (2018) 580–588. 

http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref67
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref67
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref67
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref68
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref68
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref68
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref69
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref69
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref70
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref70
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref70
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref71
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref71
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref72
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref72
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref72
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref73
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref73
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref74
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref74
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref75
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref75
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref76
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref76
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref77
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref77
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref77
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref78
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref78
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref78
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref79
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref79
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref80
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref80
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref80
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref81
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref81
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref82
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref82
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref82
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref83
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref83
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref84
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref84
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref84
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref85
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref85
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref85
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref86
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref86
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref86
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref87
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref87
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref87
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref88
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref88
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref89
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref89
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref90
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref90
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref91
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref91
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref91
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref92
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref92
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref92
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref93
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref93
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref94
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref94
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref94
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref95
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref95
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref96
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref96
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref96
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref97
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref97
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref98
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref98
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref99
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref99
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref99
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref100
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref100
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref100
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref101
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref101
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref101
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref102
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref102
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref102
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref103
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref103
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref104
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref104
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref105
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref105
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref105
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref106
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref106
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref107
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref107
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref108
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref108
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref108
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref109
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref109
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref109
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref110
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref110
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref111
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref111
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref112
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref112
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref113
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref113
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref114
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref114
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref115
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref115
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref116
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref116
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref116
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref117
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref117
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref118
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref118
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref118
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref119
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref119
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref120
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref120
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref121
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref121
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref122
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref122
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref123
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref123
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref123
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref123
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref124
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref124
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref124
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref125
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref125
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref126
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref126
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref126
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref127
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref127
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref127
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref128
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref128
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref128
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref129
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref129
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref130
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref130
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref131
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref131
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref132
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref132
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref132
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref133
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref133
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref133
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref134
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref134
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref135
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref135


S. Yenyuwadee et al. Seminars in Cancer Biology 86 (2022) 187–201 

199 

 

 

 

[136] Q. Peng, et al., PD-L1 on dendritic cells attenuates T cell activation and regulates 

response to immune checkpoint blockade, Nat. Commun. 11 (1) (2020) 4835. 

[137] S.A. Oh, et al., PD-L1 expression by dendritic cells is a key regulator of T-cell 

immunity in cancer, Nat. Cancer 1 (7) (2020) 681–691. 

[138] N. Patsoukis, et al., Revisiting the PD-1 pathway, Sci. Adv. 6 (38) (2020). 

[139] D. Sugiura, et al., PD-1 agonism by anti-CD80 inhibits T cell activation and 

alleviates autoimmunity, Nat. Immunol. 23 (3) (2022) 399–410. 

[140] L.P. Andrews, H. Yano, D.A.A. Vignali, Inhibitory receptors and ligands beyond 

PD-1, PD-L1 and CTLA-4: breakthroughs or backups, Nat. Immunol. 20 (11) 

(2019) 1425–1434. 

[141] L. Yuan, et al., VISTA: a mediator of quiescence and a promising target in cancer 

immunotherapy, Trends Immunol. 42 (3) (2021) 209–227. 

[142] M.A. ElTanbouly, et al., VISTA is a checkpoint regulator for naive T cell  

quiescence and peripheral tolerance, Science 367 (6475) (2020). 

[143] X. Han, et al., PD-1H (VISTA)-mediated suppression of autoimmunity in systemic 

and cutaneous lupus erythematosus, Sci. Transl. Med 11 (522) (2019). 

[144] M.A. ElTanbouly, et al., VISTA Re-programs Macrophage Biology Through the 

Combined Regulation of Tolerance and Anti-inflammatory Pathways, Front 

Immunol. 11 (2020), 580187. 

[145] K. Mulati, et al., VISTA expressed in tumour cells regulates T cell function, Br. J. 

Cancer 120 (1) (2019) 115–127. 

[146] S.R. Rosenbaum, et al., FOXD3 Regulates VISTA Expression in Melanoma, Cell 

Rep. 30 (2) (2020) 510–524, e6. 

[147] J. Gao, et al., VISTA is an inhibitory immune checkpoint that is increased after 

ipilimumab therapy in patients with prostate cancer, Nat. Med 23 (5) (2017) 

551–555. 

[148] J. Blando, et al., Comparison of immune infiltrates in melanoma and pancreatic 

cancer highlights VISTA as a potential target in pancreatic cancer, Proc. Natl.  

Acad. Sci. USA 116 (5) (2019) 1692–1697. 

[149] H. Kakavand, et al., Negative immune checkpoint regulation by VISTA: a 

mechanism of acquired resistance to anti-PD-1 therapy in metastatic melanoma 

patients, Mod. Pathol. 30 (12) (2017) 1666–1676. 

[150] J. Wang, et al., VSIG-3 as a ligand of VISTA inhibits human T-cell function, 

Immunology 156 (1) (2019) 74–85. 

[151] R.J. Johnston, et al., VISTA is an acidic pH-selective ligand for PSGL-1, Nature 

574 (7779) (2019) 565–570. 

[152] S. Haxhinasto, D. Mathis, C. Benoist, The AKT-mTOR axis regulates de novo 

differentiation of CD4+Foxp3+ cells, J. Exp. Med 205 (3) (2008) 565–574. 

[153] G.M. Delgoffe, et al., The mTOR kinase differentially regulates effector and 

regulatory T cell lineage commitment, Immunity 30 (6) (2009) 832–844. 

[154] L.M. Francisco, et al., PD-L1 regulates the development, maintenance, and 

function of induced regulatory T cells, J. Exp. Med 206 (13) (2009) 3015–3029. 

[155] L.Z. Shi, et al., HIF1alpha-dependent glycolytic pathway orchestrates a metabolic 

checkpoint for the differentiation of TH17 and Treg cells, J. Exp. Med 208 (7) 

(2011) 1367–1376. 

[156] S. Kumagai, et al., The PD-1 expression balance between effector and regulatory T 

cells predicts the clinical efficacy of PD-1 blockade therapies, Nat. Immunol. 

(2020). 

[157] M. Miyara, et al., Functional delineation and differentiation dynamics of human 

CD4+ T cells expressing the FoxP3 transcription factor, Immunity 30 (6) (2009)  

899–911. 

[158] J.B. Wing, A. Tanaka, S. Sakaguchi, Human FOXP3(+) Regulatory T Cell 

Heterogeneity and Function in Autoimmunity and Cancer, Immunity 50 (2) 

(2019) 302–316. 

[159] M.A. Williams, M.J. Bevan, Effector and memory CTL differentiation, Annu Rev. 

Immunol. 25 (2007) 171–192. 

[160] A. Ribas, et al., PD-1 blockade expands intratumoral memory T cells, Cancer 

Immunol. Res 4 (3) (2016) 194–203. 

[161] N.J. MacIver, J.C. Rathmell, Editorial overview: metabolism of T cells: integrating 

nutrients, signals, and cell fate, Curr. Opin. Immunol. 46 (2017) viii–xi. 

[162] V.A. Gerriets, et al., Foxp3 and Toll-like receptor signaling balance Treg cell 

anabolic metabolism for suppression, Nat. Immunol. 17 (12) (2016) 1459–1466. 

[163] C. Herbel, et al., Clinical significance of T cell metabolic reprogramming in 

cancer, Clin. Transl. Med 5 (1) (2016) 29. 

[164] C.H. Chang, et al., Metabolic competition in the tumor microenvironment is a  

driver of cancer progression, Cell 162 (6) (2015) 1229–1241. 

[165] S. Daneshmandi, et al., Blockade of 6-phosphogluconate dehydrogenase generates 

CD8(+) effector T cells with enhanced anti-tumor function, Cell Rep. 34 (10) 

(2021), 108831. 

[166] K.A. Frauwirth, C.B. Thompson, Regulation of T lymphocyte metabolism, 

J. Immunol. 172 (8) (2004) 4661–4665. 

[167] C.H. Chang, et al., Posttranscriptional control of T cell effector function by 

aerobic glycolysis, Cell 153 (6) (2013) 1239–1251. 

[168] M. Sukumar, et al., Inhibiting glycolytic metabolism enhances CD8+ T cell 

memory and antitumor function, J. Clin. Invest 123 (10) (2013) 4479–4488. 

[169] T. Porstmann, et al., PKB/Akt induces transcription of enzymes involved in 

cholesterol and fatty acid biosynthesis via activation of SREBP, Oncogene 24 (43) 

(2005) 6465–6481. 

[170] K. Duvel, et al., Activation of a metabolic gene regulatory network downstream of 

mTOR complex 1, Mol. Cell 39 (2) (2010) 171–183. 

[171] T. Porstmann, et al., SREBP activity is regulated by mTORC1 and contributes to 

Akt-dependent cell growth, Cell Metab. 8 (3) (2008) 224–236. 

[172] R. Wang, et al., The transcription factor Myc controls metabolic reprogramming 

upon T lymphocyte activation, Immunity 35 (6) (2011) 871–882. 

[173] S.C. Cheng, et al., mTOR- and HIF-1alpha-mediated aerobic glycolysis as 

metabolic basis for trained immunity, Science 345 (6204) (2014) 1250684. 

[174] H. Zeng, H. Chi, mTOR signaling and transcriptional regulation in T lymphocytes, 

Transcription 5 (2) (2014), e28263. 

[175] T. Le Bourgeois, et al., Targeting T cell metabolism for improvement of cancer 

immunotherapy, Front Oncol. 8 (2018) 237. 

[176] S.M. Kaech, W. Cui, Transcriptional control of effector and memory CD8+ T cell 

differentiation, Nat. Rev. Immunol. 12 (11) (2012) 749–761. 

[177] C.A. Klebanoff, et al., Central memory self/tumor-reactive CD8+ T cells confer 

superior antitumor immunity compared with effector memory T cells, Proc. Natl.  

Acad. Sci. USA 102 (27) (2005) 9571–9576. 

[178] L. Gattinoni, et al., Acquisition of full effector function in vitro paradoxically 

impairs the in vivo antitumor efficacy of adoptively transferred CD8+ T cells, 

J. Clin. Invest 115 (6) (2005) 1616–1626. 

[179] L. Gattinoni, et al., Wnt signaling arrests effector T cell differentiation and 

generates CD8+ memory stem cells, Nat. Med 15 (7) (2009) 808–813. 

[180] C.A. Klebanoff, L. Gattinoni, N.P. Restifo, CD8+ T-cell memory in tumor 

immunology and immunotherapy, Immunol. Rev. 211 (2006) 214–224. 

[181] F. Sallusto, et al., Two subsets of memory T lymphocytes with distinct homing 

potentials and effector functions, Nature 401 (6754) (1999) 708–712. 

[182] E.J. Wherry, et al., Viral persistence alters CD8 T-cell immunodominance and 

tissue distribution and results in distinct stages of functional impairment, J. Virol.  

77 (8) (2003) 4911–4927. 

[183] D. Masopust, A.G. Soerens, Tissue-resident T cells and other resident leukocytes, 

Annu Rev. Immunol. 37 (2019) 521–546. 

[184] K.D. Omilusik, A.W. Goldrath, Remembering to remember: T cell memory 

maintenance and plasticity, Curr. Opin. Immunol. 58 (2019) 89–97. 

[185] L. Kok, et al., A committed tissue-resident memory T cell precursor within the 

circulating CD8+ effector T cell pool, J. Exp. Med 217 (10) (2020). 

[186] D. Masopust, et al., Preferential localization of effector memory cells in 

nonlymphoid tissue, Science 291 (5512) (2001) 2413–2417. 

[187] E.M. Steinert, et al., Quantifying memory CD8 T cells reveals regionalization of 

immunosurveillance, Cell 161 (4) (2015) 737–749. 

[188] E. Menares, et al., Tissue-resident memory CD8(+) T cells amplify anti-tumor 

immunity by triggering antigen spreading through dendritic cells, Nat. Commun. 

10 (1) (2019) 4401. 

[189] S.L. Park, et al., Author correction: tissue-resident memory CD8(+) T cells 

promote melanoma-immune equilibrium in skin, Nature 566 (7745) (2019), E10. 

[190] P. Savas, et al., Publisher correction: single-cell profiling of breast cancer T cells 

reveals a tissue-resident memory subset associated with improved prognosis, Nat.  

Med 24 (12) (2018) 1941. 

[191] S. Corgnac, et al., The emerging role of CD8(+) tissue resident memory T (T(RM)) 

cells in antitumor immunity: a unique functional contribution of the CD103 

integrin, Front Immunol. 9 (2018) 1904. 

[192] C.N. Skon, et al., Transcriptional downregulation of S1pr1 is required for the 

establishment of resident memory CD8+ T cells, Nat. Immunol. 14 (12) (2013) 

1285–1293. 

[193] A. Bai, et al., Kruppel-like factor 2 controls T cell trafficking by activating L- 

selectin (CD62L) and sphingosine-1-phosphate receptor 1 transcription,  

J. Immunol. 178 (12) (2007) 7632–7639. 

[194] G.F. Debes, et al., Chemokine receptor CCR7 required for T lymphocyte exit from 

peripheral tissues, Nat. Immunol. 6 (9) (2005) 889–894. 

[195] G. Gorfu, J. Rivera-Nieves, K. Ley, Role of beta7 integrins in intestinal lymphocyte 

homing and retention, Curr. Mol. Med 9 (7) (2009) 836–850. 

[196] P.J. Kilshaw, S.J. Murant, A new surface antigen on intraepithelial lymphocytes in 

the intestine, Eur. J. Immunol. 20 (10) (1990) 2201–2207. 

[197] M.P. Scho¨n, et al., Mucosal T lymphocyte numbers are selectively reduced in 

integrin alpha E (CD103)-deficient mice, J. Immunol. 162 (11) (1999) 6641–

6649. 

[198] A.K. Molodtsov, et al., Resident memory CD8(+) T cells in regional lymph nodes 

mediate immunity to metastatic melanoma, Immunity 54 (9) (2021) 2117–2132. 

e7. 

[199] B.T. Malik, et al., Resident memory T cells in the skin mediate durable immunity  

to melanoma, Sci. Immunol. 2 (10) (2017). 

[200] I. Liikanen, et al., Hypoxia-inducible factor activity promotes antitumor effector  

function and tissue residency by CD8+ T cells, J. Clin. Invest 131 (7) (2021). 

[201] J. Han, et al., Resident and circulating memory T cells persist for years in 

melanoma patients with durable responses to immunotherapy, Nat. Cancer 2 (3) 

(2021) 300–311. 

[202] A.P. Ganesan, et al., Tissue-resident memory features are linked to the magnitude 

of cytotoxic T cell responses in human lung cancer, Nat. Immunol. 18 (8) (2017) 

940–950. 

[203] X. Mei, et al., The emerging role of tissue-resident memory CD8(+) T lymphocytes 

in human digestive tract cancers, Front Oncol. 11 (2021), 819505. 

[204] F. Djenidi, et al., CD8+CD103+ tumor-infiltrating lymphocytes are tumor-specific 

tissue-resident memory T cells and a prognostic factor for survival in lung cancer  

patients, J. Immunol. 194 (7) (2015) 3475–3486. 

[205] J.R. Webb, K. Milne, B.H. Nelson, PD-1 and CD103 are widely coexpressed on 

prognostically favorable intraepithelial CD8 T cells in human ovarian cancer,  

Cancer Immunol. Res 3 (8) (2015) 926–935. 

[206] F.L. Komdeur, et al., CD103+ tumor-infiltrating lymphocytes are tumor-reactive 

intraepithelial CD8+ T cells associated with prognostic benefit and therapy 

response in cervical cancer, Oncoimmunology 6 (9) (2017), e1338230. 

[207] J.X. Caushi, et al., Transcriptional programs of neoantigen-specific TIL in anti-PD- 

1-treated lung cancers, Nature 596 (7870) (2021) 126–132. 

[208] J. Edwards, et al., CD103(+) tumor-resident CD8(+) T cells are associated with 

improved survival in immunotherapy-naïve melanoma patients and expand 

http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref136
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref136
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref137
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref137
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref138
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref139
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref139
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref140
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref140
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref140
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref141
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref141
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref142
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref142
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref143
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref143
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref144
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref144
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref144
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref145
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref145
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref146
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref146
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref147
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref147
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref147
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref148
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref148
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref148
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref149
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref149
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref149
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref150
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref150
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref151
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref151
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref152
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref152
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref153
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref153
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref154
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref154
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref155
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref155
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref155
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref156
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref156
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref156
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref157
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref157
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref157
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref158
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref158
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref158
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref159
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref159
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref160
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref160
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref161
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref161
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref162
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref162
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref163
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref163
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref164
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref164
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref165
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref165
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref165
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref166
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref166
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref167
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref167
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref168
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref168
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref169
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref169
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref169
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref170
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref170
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref171
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref171
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref172
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref172
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref173
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref173
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref174
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref174
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref175
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref175
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref176
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref176
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref177
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref177
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref177
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref178
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref178
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref178
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref179
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref179
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref180
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref180
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref181
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref181
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref182
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref182
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref182
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref183
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref183
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref184
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref184
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref185
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref185
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref186
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref186
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref187
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref187
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref188
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref188
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref188
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref189
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref189
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref190
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref190
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref190
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref191
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref191
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref191
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref192
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref192
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref192
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref193
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref193
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref193
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref194
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref194
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref195
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref195
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref196
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref196
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref197
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref197
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref197
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref197
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref198
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref198
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref198
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref199
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref199
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref200
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref200
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref201
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref201
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref201
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref202
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref202
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref202
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref203
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref203
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref204
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref204
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref204
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref205
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref205
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref205
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref206
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref206
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref206
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref207
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref207
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref208
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref208


S. Yenyuwadee et al. Seminars in Cancer Biology 86 (2022) 187–201 

200 

 

 

 

significantly during anti-PD-1 treatment, Clin. Cancer Res 24 (13) (2018) 3036–

3045. 

[209] T. Murray, et al., Very late antigen-1 marks functional tumor-resident CD8 T cells 

and correlates with survival of melanoma patients, Front Immunol. 7 (2016) 573. 

[210] P. Savas, et al., Single-cell profiling of breast cancer T cells reveals a tissue- 

resident memory subset associated with improved prognosis, Nat. Med 24 (7) 

(2018) 986–993. 

[211] Z.Q. Wang, et al., CD103 and intratumoral immune response in breast cancer, 

Clin. Cancer Res 22 (24) (2016) 6290–6297. 

[212] T. Duhen, et al., Co-expression of CD39 and CD103 identifies tumor-reactive CD8 

T cells in human solid tumors, Nat. Commun. 9 (1) (2018) 2724. 

[213] J.R. Webb, et al., Tumor-infiltrating lymphocytes expressing the tissue resident 

memory marker CD103 are associated with increased survival in high-grade 

serous ovarian cancer, Clin. Cancer Res 20 (2) (2014) 434–444. 

[214] J. Koh, et al., Prognostic implications of intratumoral CD103+ tumor-infiltrating 

lymphocytes in pulmonary squamous cell carcinoma, Oncotarget 8 (8) (2017) 

13762–13769. 

[215] B. Wang, et al., CD103+ tumor infiltrating lymphocytes predict a favorable 

prognosis in urothelial cell carcinoma of the bladder, J. Urol. 194 (2) (2015) 

556–562. 

[216] E. Vivier, et al., Innate lymphoid cells: 10 years on, Cell 174 (5) (2018) 

1054–1066. 

[217] L. Ducimetiere, M. Vermeer, S. Tugues, The interplay between innate lymphoid 

cells and the tumor microenvironment, Front. Immunol. 10 (2019) 2895. 

[218] S. Guia, et al., Activating and inhibitory receptors expressed on innate lymphoid 

cells, Semin. Immunopathol. 40 (4) (2018) 331–341. 

[219] A. Horowitz, et al., Genetic and environmental determinants of human NK cell 

diversity revealed by mass cytometry, Sci. Transl. Med 5 (208) (2013) 208ra145. 

[220] A.G. Freud, et al., The broad spectrum of human natural killer cell diversity,  

Immunity 47 (5) (2017) 820–833. 

[221] K.J. Malmberg, et al., Natural killer cell-mediated immunosurveillance of human 

cancer, Semin. Immunol. 31 (2017) 20–29. 

[222] P. Carrega, et al., CD56(bright)perforin(low) noncytotoxic human NK cells are 

abundant in both healthy and neoplastic solid tissues and recirculate to secondary 

lymphoid organs via afferent lymph, J. Immunol. 192 (8) (2014) 3805–3815. 

[223] A. Moretta, et al., Activating receptors and coreceptors involved in human natural  

killer cell-mediated cytolysis, Annu. Rev. Immunol. 19 (2001) 197–223. 

[224] H.J. Pegram, et al., Activating and inhibitory receptors of natural killer cells,  

Immunol. Cell Biol. 89 (2) (2011) 216–224. 

[225] S. Sivori, et al., CD94 functions as a natural killer cell inhibitory receptor for 

different HLA class I alleles: identification of the inhibitory form of CD94 by the 

use of novel monoclonal antibodies, Eur. J. Immunol. 26 (10) (1996) 2487–2492. 

[226] J.J. Perez-Villar, et al., The CD94/NKG2-A inhibitory receptor complex is 

involved in natural killer cell-mediated recognition of cells expressing HLA-G1, 

J. Immunol. 158 (12) (1997) 5736–5743. 

[227] V.M. Braud, et al., HLA-E binds to natural killer cell receptors CD94/NKG2A, B 

and C, Nature 391 (6669) (1998) 795–799. 

[228] L. Chiossone, et al., Natural killer cell immunotherapies against cancer: 

checkpoint inhibitors and more, Semin. Immunol. 31 (2017) 55–63. 

[229] K. Karre, et al., Selective rejection of H-2-deficient lymphoma variants suggests 

alternative immune defence strategy, Nature 319 (6055) (1986) 675–678. 

[230] F. Romagne, et al., Preclinical characterization of 1-7F9, a novel human anti-KIR 

receptor therapeutic antibody that augments natural killer-mediated killing of 

tumor cells, Blood 114 (13) (2009) 2667–2677. 

[231] T. van Hall, et al., Monalizumab: inhibiting the novel immune checkpoint  

NKG2A, J. Immunother. Cancer 7 (1) (2019) 263. 

[232] H.E. Kohrt, et al., Anti-KIR antibody enhancement of anti-lymphoma activity of 

natural killer cells as monotherapy and in combination with anti-CD20 

antibodies, Blood 123 (5) (2014) 678–686. 

[233] P. Andre, et al., Anti-NKG2A mAb is a checkpoint inhibitor that promotes anti- 

tumor immunity by unleashing both T and NK cells, Cell 175 (7) (2018) 1731–

1743, e13. 

[234] T. Kamiya, et al., Blocking expression of inhibitory receptor NKG2A overcomes 

tumor resistance to NK cells, J. Clin. Invest 129 (5) (2019) 2094–2106. 

[235] M. Della Chiesa, et al., Features of memory-like and PD-1(+) human NK cell 

subsets, Front. Immunol. 7 (2016) 351. 

[236] S. Pesce, et al., Identification of a subset of human natural killer cells expressing 

high levels of programmed death 1: a phenotypic and functional characterization, 

J. Allergy Clin. Immunol. 139 (1) (2017) 335–346, e3. 

[237] D.M. Benson Jr., et al., The PD-1/PD-L1 axis modulates the natural killer cell 

versus multiple myeloma effect: a therapeutic target for CT-011, a novel 

monoclonal anti-PD-1 antibody, Blood 116 (13) (2010) 2286–2294. 

[238] A. Beldi-Ferchiou, et al., PD-1 mediates functional exhaustion of activated NK 

cells in patients with Kaposi sarcoma, Oncotarget 7 (45) (2016) 72961–72977. 

[239] C. Niu, et al., PD-1-positive natural killer cells have a weaker antitumor function 

than that of PD-1-negative natural killer cells in lung cancer, Int. J. Med. Sci. 17 

(13) (2020) 1964–1973. 

[240] N. Tumino, et al., Presence of innate lymphoid cells in pleural effusions of  

primary and metastatic tumors: Functional analysis and expression of PD-1 

receptor, Int. J. Cancer 145 (6) (2019) 1660–1668. 

[241] S. Pesce, et al., Different features of tumor-associated NK cells in patients with 

low-grade or high-grade peritoneal carcinomatosis, Front. Immunol. 10 (2019)  

1963. 

[242] F.R. Mariotti, et al., PD-1 in human NK cells: evidence of cytoplasmic mRNA and 

protein expression, Oncoimmunology 8 (3) (2019) 1557030. 

[243] F. Vari, et al., Immune evasion via PD-1/PD-L1 on NK cells and monocyte/ 

macrophages is more prominent in Hodgkin lymphoma than DLBCL, Blood 131  

(16) (2018) 1809–1819. 

[244] M.P. Trefny, et al., PD-1(+) natural killer cells in human non-small cell lung 

cancer can be activated by PD-1/PD-L1 blockade, Cancer Immunol. Immunother. 

69 (8) (2020) 1505–1517. 

[245] L. Quatrini, et al., Glucocorticoids and the cytokines IL-12, IL-15, and IL-18 

present in the tumor microenvironment induce PD-1 expression on human natural 

killer cells, J. Allergy Clin. Immunol. 147 (1) (2021) 349–360. 

[246] X.L. Iraolagoitia, et al., NK cells restrain spontaneous antitumor CD8+ T cell 

priming through PD-1/PD-L1 interactions with dendritic cells, J. Immunol. 197 

(3) (2016) 953–961. 

[247] A. Stojanovic, et al., CTLA-4 is expressed by activated mouse NK cells and inhibits 

NK Cell IFN-gamma production in response to mature dendritic cells, J. Immunol. 

192 (9) (2014) 4184–4191. 

[248] J. Russick, et al., Natural killer cells in the human lung tumor microenvironment  

display immune inhibitory functions, J. Immunother. Cancer 8 (2) (2020). 

[249] F. Esen, G. Deniz, E.C. Aktas, PD-1, CTLA-4, LAG-3, and TIGIT: The roles of 

immune checkpoint receptors on the regulation of human NK cell phenotype and 

functions, Immunol. Lett. 240 (2021) 15–23. 

[250] F.J. Kohlhapp, et al., NK cells and CD8+ T cells cooperate to improve therapeutic 

responses in melanoma treated with interleukin-2 (IL-2) and CTLA-4 blockade, 

J. Immunother. Cancer 3 (2015) 18. 

[251] L.C. Ndhlovu, et al., Tim-3 marks human natural killer cell maturation and 

suppresses cell-mediated cytotoxicity, Blood 119 (16) (2012) 3734–3743. 

[252] H. Komita, et al., Expression of immune checkpoint molecules of T cell  

immunoglobulin and mucin protein 3/galectin-9 for NK cell suppression in 

human gastrointestinal stromal tumors, Oncol. Rep. 34 (4) (2015) 2099–2105. 

[253] M.K. Gleason, et al., Tim-3 is an inducible human natural killer cell receptor that  

enhances interferon gamma production in response to galectin-9, Blood 119 (13) 

(2012) 3064–3072. 

[254] I.P. da Silva, et al., Reversal of NK-cell exhaustion in advanced melanoma by Tim- 

3 blockade, Cancer Immunol. Res. 2 (5) (2014) 410–422. 

[255] A. Gallois, et al., Reversal of natural killer cell exhaustion by TIM-3 blockade, 

Oncoimmunology 3 (12) (2014), e946365. 

[256] Z. Wang, et al., The clinical significance of abnormal Tim-3 expression on NK cells 

from patients with gastric cancer, Immunol. Invest. 44 (6) (2015) 578–589. 

[257] L. Xu, et al., Increased Tim-3 expression in peripheral NK cells predicts a poorer 

prognosis and Tim-3 blockade improves NK cell-mediated cytotoxicity in human 

lung adenocarcinoma, Int. Immunopharmacol. 29 (2) (2015) 635–641. 

[258] W. Zhang, et al., The functional potency of natural killer cells in response to IL-2/ 

IL-15/IL-21 stimulation is limited by a concurrent upregulation of Tim-3 in 

bladder cancer, Exp. Cell Res. 372 (2) (2018) 92–98. 

[259] A. Merino, et al., Chronic stimulation drives human NK cell dysfunction and 

epigenetic reprograming, J. Clin. Invest 129 (9) (2019) 3770–3785. 

[260] S.R. Woo, et al., Immune inhibitory molecules LAG-3 and PD-1 synergistically 

regulate T-cell function to promote tumoral immune escape, Cancer Res. 72 (4) 

(2012) 917–927. 

[261] C. Brignone, et al., A soluble form of lymphocyte activation gene-3 (IMP321) 

induces activation of a large range of human effector cytotoxic cells, J. Immunol.  

179 (6) (2007) 4202–4211. 

[262] C. Brignone, et al., First-line chemoimmunotherapy in metastatic breast 

carcinoma: combination of paclitaxel and IMP321 (LAG-3Ig) enhances immune 

responses and antitumor activity, J. Transl. Med. 8 (2010) 71. 

[263] F. Xu, et al., Blockade of CD112R and TIGIT signaling sensitizes human natural  

killer cell functions, Cancer Immunol. Immunother. 66 (10) (2017) 1367–1375. 

[264] C. Bottino, et al., Identification of PVR (CD155) and Nectin-2 (CD112) as cell 

surface ligands for the human DNAM-1 (CD226) activating molecule, J. Exp. Med 

198 (4) (2003) 557–567. 

[265] C.J. Chan, et al., The receptors CD96 and CD226 oppose each other in the 

regulation of natural killer cell functions, Nat. Immunol. 15 (5) (2014) 431–438. 

[266] E.Y. Chiang, et al., CD96 functions as a co-stimulatory receptor to enhance CD8( 

+) T cell activation and effector responses, Eur. J. Immunol. 50 (6) (2020) 891–

902. 

[267] B. Sanchez-Correa, et al., DNAM-1 and the TIGIT/PVRIG/TACTILE axis: Novel 

immune checkpoints for natural killer cell-based cancer immunotherapy, Cancers 

(Basel) 11 (6) (2019). 

[268] A. Fuchs, M. Colonna, The role of NK cell recognition of nectin and nectin-like 

proteins in tumor immunosurveillance, Semin. Cancer Biol. 16 (5) (2006) 359–

366. 

[269] Y. Takai, et al., Nectins and nectin-like molecules: roles in contact inhibition of 

cell movement and proliferation, Nat. Rev. Mol. Cell Biol. 9 (8) (2008) 603–615. 

[270] D. Sarhan, et al., Adaptive NK cells with low TIGIT expression are inherently 

resistant to myeloid-derived suppressor cells, Cancer Res. 76 (19) (2016) 

5696–5706. 

[271] S. Whelan, et al., PVRIG and PVRL2 are induced in cancer and inhibit CD8(+) T- 

cell function, Cancer Immunol. Res 7 (2) (2019) 257–268. 

[272] A.C. Anderson, N. Joller, V.K. Kuchroo, Lag-3, Tim-3, and TIGIT: Co-inhibitory 

receptors with specialized functions in immune regulation, Immunity 44 (5) 

(2016) 989–1004. 

[273] R.J. Johnston, et al., The immunoreceptor TIGIT regulates antitumor and antiviral 

CD8(+) T cell effector function, Cancer Cell 26 (6) (2014) 923–937. 

[274] S. Nishiwada, et al., Clinical significance of CD155 expression in human 

pancreatic cancer, Anticancer Res. 35 (4) (2015) 2287–2297. 

http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref208
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref208
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref208
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref209
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref209
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref210
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref210
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref210
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref211
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref211
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref212
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref212
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref213
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref213
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref213
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref214
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref214
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref214
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref215
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref215
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref215
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref216
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref216
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref217
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref217
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref218
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref218
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref219
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref219
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref220
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref220
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref221
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref221
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref222
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref222
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref222
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref223
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref223
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref224
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref224
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref225
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref225
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref225
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref226
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref226
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref226
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref227
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref227
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref228
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref228
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref229
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref229
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref230
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref230
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref230
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref231
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref231
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref232
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref232
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref232
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref233
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref233
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref233
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref233
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref234
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref234
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref235
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref235
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref236
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref236
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref236
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref237
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref237
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref237
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref238
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref238
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref239
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref239
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref239
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref240
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref240
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref240
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref241
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref241
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref241
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref242
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref242
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref243
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref243
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref243
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref244
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref244
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref244
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref245
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref245
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref245
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref246
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref246
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref246
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref247
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref247
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref247
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref248
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref248
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref249
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref249
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref249
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref250
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref250
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref250
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref251
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref251
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref252
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref252
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref252
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref253
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref253
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref253
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref254
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref254
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref255
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref255
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref256
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref256
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref257
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref257
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref257
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref258
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref258
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref258
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref259
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref259
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref260
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref260
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref260
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref261
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref261
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref261
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref262
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref262
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref262
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref263
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref263
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref264
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref264
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref264
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref265
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref265
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref266
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref266
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref266
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref266
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref267
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref267
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref267
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref268
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref268
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref268
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref268
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref269
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref269
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref270
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref270
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref270
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref271
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref271
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref272
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref272
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref272
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref273
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref273
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref274
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref274


S. Yenyuwadee et al. Seminars in Cancer Biology 86 (2022) 187–201 

201 

 

 

 

[275] Q. Zhang, et al., Blockade of the checkpoint receptor TIGIT prevents NK cell  

exhaustion and elicits potent anti-tumor immunity, Nat. Immunol. 19 (7) (2018) 

723–732. 

[276] S.J. Blake, et al., Molecular pathways: Targeting CD96 and TIGIT for cancer 

immunotherapy, Clin. Cancer Res 22 (21) (2016) 5183–5188. 

[277] Y. Simoni, et al., Human innate lymphoid cell subsets possess tissue-type based 

heterogeneity in phenotype and frequency, Immunity 46 (1) (2017) 148–161. 

[278] M. Salimi, et al., Activated innate lymphoid cell populations accumulate in 

human tumour tissues, BMC Cancer 18 (1) (2018) 341. 

[279] S. Wang, et al., Transdifferentiation of tumor infiltrating innate lymphoid cells 

during progression of colorectal cancer, Cell Res. 30 (7) (2020) 610–622. 

[280] J.A. Moral, et al., ILC2s amplify PD-1 blockade by activating tissue-specific cancer 

immunity, Nature 579 (7797) (2020) 130–135. 

[281] G. Ercolano, et al., Distinct and shared gene expression for human innate versus 

adaptive helper lymphoid cells, J. Leukoc. Biol. 108 (2) (2020) 723–737. 

[282] Y. Gao, et al., Tumor immunoevasion by the conversion of effector NK cells into 

type 1 innate lymphoid cells, Nat. Immunol. 18 (9) (2017) 1004–1015. 

[283] P. Vacca, et al., PD-1 is expressed by and regulates human group 3 innate 

lymphoid cells in human decidua, Mucosal Immunol. 12 (3) (2019) 624–631. 

[284] C. Luci, et al., Cutaneous squamous cell carcinoma development is associated 

with a temporal infiltration of ILC1 and NK cells with immune dysfunctions,  

J. Invest. Dermatol. 141 (10) (2021) 2369–2379. 

http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref275
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref275
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref275
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref276
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref276
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref277
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref277
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref278
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref278
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref279
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref279
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref280
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref280
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref281
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref281
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref282
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref282
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref283
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref283
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref284
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref284
http://refhub.elsevier.com/S1044-579X(22)00184-5/sbref284


 

 

Unanswered questions and future directions 

 

 
- It has been experimentally demonstrated in the past that tumor growth results in the 

accumulation of MDSCs in distal organs (e.g. lungs), contributing to the formation of 

metastatic niches, whereas prevention of MDSCs migration restricts the metastatic 

potential of the primary tumor. In our studies, we showed that blockade of PD-1 – SHP-2 

axis in myeloid cells, induced differentiation of MDSCs, improving their anti-tumor 

properties and limiting their suppression capacity. In the future, we plan to examine how 

the deletion of PD-1 or SHP-2 in myeloid cells can alter the formation of the metastatic 

niches, in organs distal to the primary tumor. In our study, we showed that SHP-2 or PD-1 

deletion improved anti-tumor immunity and decelerated tumor progression. However, this 

was tested only in “hot-tumors”, which are infiltrated by immune cells. It is unclear 

whether the blockade of PD-1 – SHP-2 axis in myeloid cells in the context of “cold- 

tumors’’ can lead to the repopulation of the TME with immune cells and change their 

response to immunotherapy. We will inject cold tumors to WT, Shp2f/fLysMCre and 

Pdcd1f/fLysMCre mice, and then, we will assess the tumor progression and immune 

response. 

 

 

- Deletion of SHP-2 or PD-1 in the myeloid cells of tumor bearing mice resulted in the 

accumulation of differentiated myeloid cells, including MDSC and TAMs, with pro- 

immunogenic properties, and enhancement of anti-tumor immunity. However, it is unclear 

which specific myeloid compartment had the greatest contribution on this outcome. In the 

future, we will investigate this question using a step-by-step depletion strategy of specific 



 

 

myeloid subsets, using anti-GR1 antibody for MDSC depletion and clodronate-liposome 

for TAMs depletion. 

 

 

-  We showed that blockade of PD-1 – SHP-2 axis in myeloid cells alleviated the suppression 

capacity of MDSCs and activated T cells, however, it is still unknown how the suppression 

capacity of Tregs is affected. For an in vitro Treg suppression assay, the proliferation of 

naive T cells will be assessed in the presence of APC and graded numbers of Treg cells. 

We will examine how SHP-2 or PD-1 deletion in myeloid cells affects Treg suppression 

capacity by preforming in vitro suppression assay, and using APC from WT, PD-1 KO or 

SHP-2 KO mice. 

 

 

- In our study, we described how the immune cell populations are affected by the deletion of 

the PD-1 – SHP-2 axis in the myeloid cells, but we did not examine how the tumor cells 

are changing at a functional level. In the future, we will perform in vitro functional assays 

to assess basic properties of tumor cells such as migration and proliferation. 



Key findings 
 

 

 

 

- SHP-2 deletion in myeloid cells enhances anti-tumor immunity. 

 

 

- SHP-2 ablation in myeloid cells promotes activation and differentiation of MDSCs in 

tumor bearing mice. 

 

- Deletion of SHP-2 in myeloid cells results in increased infiltration of monocytes in the 

tumor microenvironment, and subsequent recruitment and activation of T cells, 

alternating the tumor immune microenvironment. 

 

- SHP-2 ablation reprograms TAMs, resulting in more differentiated cells with enhanced 

proinflammatory properties and antigen presentation capacity. 

 

- Monocytes isolated from SHP-2 deficient tumor bearing mice possess long lasting anti- 

tumor immunity. 

 

- In myeloid progenitors, PD-1 interacts with SHP-2, and PD-1–SHP-2 axis alters 

HOXA10 and IRF8 phosphorylation in response to GM-CSF and IL-3. 

 

- PD-1 or SHP-2 ablation in myeloid cells had similar effects in myeloid differentiation 

signatures and anti-tumor function. 

 

- The augmented anti-tumor ability of the immune system after deletion of either PD-1 

of SHP-2 is at least partially medicated mediated by IL-10. 
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