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2TOV TaTEPO KO TN LAVE LoV,
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EYXAPIXTIEX

ATO TO TPOTO. LoV PRHOTA WG QOUTNTAS UTPIKNG, UE TPOCEAKLGE 1010HTEPAL 1] £PEVVOL KOl £TGL
Gpy1o0 VO 0GYOAOVLOL LE EPELVNTIKA TPOYPAULOTA GE ddpopa epyastipla. 'Epaba Tt onuaivet
EMOTNUOVIKY dtadtkacio Kot mopeio kol katdAafa mOGO GLVUPTACTIKY £ival 1) dSuvaTOTNTO TOV

VO OVOKOADTTELS VEES YVMDOELG.

O&Lm va evyaploTom Tov Ap. Anuntpn Mrovumo wov pov didace 6t n avamTuEn TG VOOoTpOoTiag
evog epeuvnT TOPEAANAQ HE TNV OVATTUEN TOV UTPIKOV YVOCGE®V Oa LoV eMéTpene va Yive
KOADTEPOG YLOTPOG Kot OTL £fvort TOAD SNUOVTIKO Vo avalnTOOE TNV outia, Y10l VO KOTAVOOULE TV

EMOTNUOVIKY| eneénynon iocw amd to 1 TpiKd TPoPANUATA TOV 0COEVOV HOC.

Qg eortn¢ emdimEn va EpYAoT® GE S1APOPA ETICTNUOVIKA EPYACTNPLO TOGO GTOV EAANVIKO YDPO
600 kot otig HITA. Avtég ot epguvnrikéc eumeipieg pe Pondnoav vo eKTIUNCO TEPIGGOTEPO TN
oVVOEST UETOED £PELVOG KO LTPIKNG Kot dtapdpemoay v embopio kot T OEGUEVCT LoV Vi

aKoAOVONG® o KapEpa ™G 1TPOG-EPEVVITIC.
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eoumtg latpung, elxe ovvéyela a@ol petd v amogoitnon pov ond v latpikn XyoAn tov
[Mavemomuiov AGnvov gixa v gukatpia va cvveyico pali e to paywkod tagidt g épevvac,
ATOKTAOVTOG TALTOYPOVE OYL LOVO pio eEalpeTn EMGTNUOVIKY] GOUBOLVAO Kot HEVTOPA, OAAG Ko

pio koA @iAn.

H évtaén pov oto gpyaoctmpro tg Ap. Mmovoiwt omyv latpikny ZyxoAn tov XdapPapvt, g

EPELVNTAG Y1aL TN SIEPEVLVNON TOV UNYOVICUDV TNG 0VOCOA0YIOS TV OYK®V, NTOV L0 GLUVELINTY|



amopaon. Ilavta pe evolépepav ot TpOTOL [LE TOVS OMOIOVE TO AVOGOTOUTIKO GUGTNUA Oa
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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
(Shp2™iLysMCre), or T cells (Shp27fL.ckCre) and used Shp2"f mice as control. We also used mice
with myeloid-specific deletion of the Pdcdl 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.



Hepiinyn

Ewayoym

To uépio mpoypappotiopévov Bavatov-1 (PD-1) givar £vag vrodoyéog Tmv onueinv eAéyyov Tov
OVOGOTOUTIKOV GUOGTNHOTOS, O omoiog amevepyomotel tan T wkvttapo S péoov tov SHP-2.
[op’ 6N’ avtd,  otoyxevpévn daypagn tov SHP-2 ota T kittopa o€ TOVTiKIo PE KOPKIVIKODG
OYKoLG OV €0¢e1&e KAmo1o O10Popa GTNV EEEMEN TOV OYKMOV GE GYECT LE TOL TOVTIKIOL GTIV OUdoa
eréyyov. To PD-1, 6mwg kou 10 SHP-2, exppdlovior emiong Kot oto HLEAOKVTTOPC,
CUUTEPTAOUPAVOUEVOV KOL TOV TPOLOV HVEAOKVTTAP®V GTOV HLEAD TV 06TAOV. H d1aypapn tov
PD-1 mpokaAel tn 010p0pOTOINGCT TOV TPOU®OV HLEAOKLTTIAP®V GE MPIUN HVEAOKVTTOPO.
AvtiBétmg, petadrhaéelg avénuévng Aettovpykdmrag tov SHP-2 gpumodifovv v dapopomoinon
TOV HVEAOKVLTTAPOV PECHO NG amo@®mo@opviioong tov IRF-8 kot tov HOXA10, ko og ek
ToUToL gumAéketal oty O&eio Mveloyevry Agvyoupio. H odinAenidpaon tov PD-1 pe to SHP-2
dev &xel moté peremBel ota puedokvtTopa. O GKOTOG QTG TNG KEAETNG €lval va dlepeVVIOEL
0TI TNV OAANAETIOPOOT] GTOL PUGIOAOYIKO LVEAOKVTTOPM. , KOl VO, LEAETNGEL TOV POAO TOV AEOVA

PD-1/SHP-2 otV avTikapKIvikn ovoocio.

MebBodoroyia

Anpiovpyncope TovtiKio (e oToyeLUEVN Olaypagn Tov yovidiov Ptpnll (mov kwokomolel v
npoteivn SHP-2) oto poghoxvttapa (Shp2# LysMCre), §) ota T wdtrapoe (Shp2#fLckCre) kat
ypnoomomoape ta Shp2™ movtikia wg opdda edéyyov. Opoimg, YpPNOILOTOWGOE TOVTIKLO [IE
otoxevpévn  oypaen tov  yovwwiov Pdedl, mov «kwdwomoel v mpwrteivy PD-1.
Xpnowonomoapne 2  OQOPETIKEG  KAPKIVIKEG  Kuttapkés oepés: MC17-51  kdttapa

wopvocapkopatog Kot B16-F10 kdttapa pelavopatoc. Metd v evbovacio TV ToVTiKidv, ot



OyKol, Ol OMANVEC KOl Ol HVEAOL TV 00TMV omopovodnkav kot emelepydotnkay (OmmG
TEPLYPAPETOL MO KAT®) Kot ot O1dpopot TANOLGHOL TOL  AVOGOAOYIKOU GULGTHUOTOG
tavtomomOnkav pe wvtrapopeTpio ponc. o omopdvemon KuTtdpwV  YPNCLLOTOU|COLE
KutTapopeTpia porg evepyomotovpevns and eBopiopd (FACS) kot payvntikd ceoipidia, Kot yo
™ UEAETN ONUATOSOTNONG YPTOUOTOCOUE KOTTOPO HVEAOD TMOV OGTAOV GE KOAMEPYELL LE
TOPAYOVTO JEYEPOTG AMOIKIOV OO KOKKIOKOTTOpa-pakpopdya (GM-CSF) kot wtepievkivn 3

(IL-3). H peBodoroyia meptypapeTot AETTOUEPDS O KATO.

Amotelécpata

Ta movtikio pe otoyevpévn dSwypoaer tov SHP-2 oto puelokdTTOpa €iyov ONUOVTIKY
emPpadvvon otV avamtuén Tov dyKov, o€ oxéon e ta Tovtikia pe dtaypaen tov SHP-2 ota T
KOTTOpO M TO TOVTIKIL TNG OUAdOS EAEYYOV, XWPIG OUMG VA EXOVV EMTAE®V OPEAOG OTAV TOVG
xopnynonkav avactoreic Tov PD-1. H ctoysvpévn dwaypaen tov SHP-2 ota pouehokdtropa giye
®¢ amoTéAEGHO TV gvepyomoinot tov T KuTtdpwv, TV £vEPYOTOinoT Kol d10(pOPOTOiNoT TWV
HVEAOKLTTAP®V, TNV AUPALVON TOV KOTAGTOATIKOV 1010THTOV TOV KOTACTUATIKOV KUTTAP®V TNG
poedkng oepdg (MDSCs) kot v omdKTNo™ OVTI-KOPKIVIKOV 1010THTOV Hokpds dtopkeiog omd
T povokvttapa. Emmpocheta, ypnoyonoidvtag RNA-seq oe poakpopdya mov Bpickovton péca
otov 0yKo (TAMs) kor oe MDSCs pe yopoktnploTikd TOALHOPPOTHPNVOV, Oeiaue OTL M
dwypaer tov SHP-2 evioyvoe ta yovidiakd povomdtio mov oyetilovtal pe v gvepyomoinon,
JPOPOTOINGT, POYOKVTTAP®GT KOl OVTIYOVOTOPOVGiaoT amd ovtd to Kottapa. H otoysvpévn
dwypaen tov PD-1 ota puedoxvttapa giye Opota Aettovpyikd arotedéopato ota T KOTTopa Kot
OTO LVEAOKDTTOPO LLE QLT TTOVL TOPATNPNOAUE LETA amd T dtarypaen tov SHP-2, evdy RNA-seq

oe TAMS and movtikia pe otoyevpévn dtaypaer tov PD-1 oto poehokdtrapa £6€1Ee TePIGGOTEPO



a6 50% smikdioyn o€ yovidiokn Ekppaon pe to TAMS tov amopovddnkay ond tovtikia Tov o
otoyevpéEVT otaypaen tov SHP-2 ota puelokidtropa. Asiape emiong 0Tt 6To. LLEAOKVTTOPO, 1|
eoopopvrioon tov PD-1 amd6 10 GM-CSF otpatordynce to SHP-2 kot odnynoce oe
aAnieniopacn PD-1-SHP-2. Téhog, 1| diaypaon gite tov PD-1, gite tov SHP-2 giye cav cuveneia
™ J1POPOTOINCT TOV HVEAOKVTTAPWOV HEGM TNG KATOGTOANG TNG AmoP®o@opLAiwong tov IRFS

kot tov HOXA10 and to SHP-2.

YOUTEPUGLLOL
Me v peAém avty, anodeiEape 0Tt 1 aAlnieniopacn tov PD-1 pe 1o SHP-2 og kdttapa g
HLEMKNG GEPAS , mailel pOAO GTN 010 POPOTOINCT Ko TNV EVEPYOTOINGT TOVGS, KOl G €K TOVTOV

UTOPEL VO EXNPEACEL TNV OVTIKOPKLIVIKT] 0VOGiaL.



Introduction

l. 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

CDB80 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].
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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].

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].

Il.  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 TAMSs, 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*Ly6C'° and the M-MDSCs as CD11b*Ly6G Ly6C"



while in humans, PMN-MDSCs as CD11b*CD14 CD15*/CD66bh* and M-MDSCs as

CD14*CD15 HLA-DR'- [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 naive 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
TDLNSs 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*F4/80MHCII*CD11C*  while in humans as CD45*CD11b*HLA-
DR"CD11c"CD14-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-1 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 naive 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].

1. 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.
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Figure 2. Gating strategy for identification of myeloid cells in the TME using flow cytometry.
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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]. Itisa 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 HOXAL10 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 HOXAL10 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 notinT 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
(TAMSs) 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
TAMs? 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 tail®. 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 treatment® but instead had a detrimental effect
on tumor progression®. PD-1 is also expressed in common myeloid
progenitors (CMPs) and granulocyte/macrophage progenitors (GMPs),
which accumulate during cancer-driven emergency myelopoiesis and
give rise to immunosuppressive MDSC and TAMs”. In tumor-bearing
mice with myeloid-specific 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 increased’. 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 leukemia®. The transcription
factors HOXA, which regulate hematopoiesis, are SHP-2 targets®. HOXA
genes are maximally expressed in committed myeloid progenitors and
their dysregulation is associated with leukemia°. 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 differentiation®!. 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 differentiation*?. 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-
zation'3. Loss of functional IRF8 leads to the generation of MDSCs*“.

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 Shp2/f mice with mice expressing Cre recombinase under the
control of the lysozyme (LysM) promoter to induce selective depletion
of Ptpn11 in myeloid cells (Shp2#LysMC) or under the control of the
distal Lck promoter to induce selective depletion of Ptpn11 in mature
T cells (Shp2#/LckCre). We monitored tumor growth longitudinally for
2 weeks starting on day 7 post subcutaneous implantation of B16-F10
melanoma cells. Shp2/LysMC mice had substantially reduced tumor
growth compared to Shp2/f mice, while tumor growth in Shp2//LckCe was
similar to Shp2/ mice (Fig. 1a). Based on the expression of CD44, CD8*
T cells in tumor-draining lymph nodes (dLN) of Shp2/LysMCr mice had
a more activated state compared to their counterparts in Shp2#/LckCre
and control Shp2/f mice (Fig. 1b,c; gating strategy, Supplementary Fig.
1). CD44MCD62L'"° T effector cells (hereafter Tgr cells) and CD44*CD62L"
central memory T-like cells (Tcu-like cells) from tumor-bearing Shp2/”
fLysMCre mice had increased expression of IFN-y (Fig. 1d), indicating
a state of activation and effector function. In contrast, based on the
expression of CD44 and IFN-y, no difference was observed in the acti-
vation of dLN CD8* T cells from Shp2#/LckCr mice compared to Shp2/f
tumor-bearing mice (Fig. 1b—d).

MDSCs isolated on day 14-16 post-implantation from Shp2/fLysM¢r
mice bearing B16-F10 tumors had substantially diminished immu-
nosuppressive capacity compared to Shp2/LckCre and Shp2/f MDSCs
(Fig. 1e), and lower expression of CD38 (Fig. 1f—h), an indicator of
immunosuppressive MDSC*>. 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

DC’. 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. Shp2#/ mice displayed a consider-
able reduction of tumor growth compared to mice receiving control
IgG2a (Fig. 2a). In contrast, Shp2/fLysMC mice, which had diminished
tumor growth compared to Shp2/f mice, did not substantially benefit
from treatment with PD-1 antibody compared to 1gG2a (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
Shp2ff mice, but not in Shp2#LysMC mice (Fig. 2d—f). Shp2//LysM-
Cre tumor-bearing mice also exhibited enhanced T cell activation
(Fig. 2g,h) and recruitment of CD4* and CD8* T 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"* T¢ cells in Shp2//, but not
in Shp2/fLysMCr tumor-bearing mice (Fig. 2i,j), which had more Tg cells
in dLN in both 1gG2a 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 TAMSs*®. On week 2 post
subcutaneous tumor inoculation, tumor growth in Shp2/LysMCr mice,
but not in Shp2#LckCre mice (Fig. 3a,b and Extended Data Fig. 1a,b), was
substantially diminished compared to Shp2/ mice. MDSCs in the mice
consist of two major subsets, CD11b*Ly6C"Ly6G~ monocytic (M-MDSC)
and CD11b*Ly6C'°Ly6G* polymorphonuclear (PMN-MDSC) cells, which
have similar morphology and phenotype to normal monocytes and
neutrophils, respectively, but distinct functions®. We did not observe
quantitative differences in tumor-infiltrating myeloid cells (Fig. 3c),
but Shp2/LysMC 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 Shp2#f
tumor-bearing mice. A similar increase of M-MDSC tumor-infiltrating
myeloid cells was observed in B16-F10 tumor-bearing Shp2//LysMCcre
mice, which also developed smaller tumors (Extended Data Fig. 1c—g)
compared to Shp2# tumor-bearing mice. There was an increase in num-
ber of CD4* and CD8* T 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* Tgr and Tew-like cells (Fig. 3k,I) and enhanced T cell
activation (Fig. 3m,n) in the spleen of Shp2#//LysMCr compared to Shp2/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 Shp2/f and Shp2/
fLysMCre (Supplementary Fig. 3) or in the numbers and activation of T,
cell in dLNs (Supplementary Fig. 4a,b). Thus, myeloid-specific SHP-2
ablation led to increased tumor infiltration by Ly6C" monocytes and
concomitant recruitment and activation of Tgr and Tew cells.

SHP-2 deficiency induces MDSC differentiation and activation
At day 15 post MC17-51 tumor injection, PMN-MDSC from Shp2#/LysMCre
mice had diminished immunosuppressive function (Fig. 4a) and lower
expression of CD38 (Fig. 4b,c). M-MDSC from Shp2#/LysMC mice also
had substantially lower immunosuppressive capacity (Supplementary
Fig. 4c) compared to the respective MDSCs from Shp2/f mice. M-MDSC
in tumors from Shp2//LysMCr mice had higher expression of MHC I,
CD86 and IFN-y than their counterparts in Shp2/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 Shp2/LysMCe mice had higher expression of IFN-y
than their counterparts in Shp2/ 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 Shp2#, Shp2#/LckCre
and Shp2/fLysMCre mice inoculated with B16-F10 melanoma cells (1 x 10°

cells per mouse) and monitored longitudinally on each day of assessment.
Data shown are meansof n =6 mice pergroup 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 miceasin a. d, Expression of IFN-y assessed in CD8" Tem
and Temcellsfrom dLN in mice asin a. Mean fluorescence intensity (MFI) + s.d.
results are shown. Results are representative of four independent experiments
with 7 = 8 mice per group. e, Thymidine incorporation in OTl splenocytes (2 x 10°

CD38 —mm> CD38 —mm————> CD38 —m————>

cells per well) stimulated with OVAzs7-264 after the addition of graded numbers
of GR1* MDSCscellsisolated from the spleens of tumor-bearing Shp2#, Shp2?
/LckCre and Shp2f/LysMCr mice. Mean +s.d. of cpom values are shown. Results are
representative of three separate experiments using 7 = 9 mice per group and
fourtechnical replicates per condition. f,g, Representative flow cytometry
histograms (g) and contour plots (h) of CD38 expression on splenic MDSC from
Shp21, Shp2f/LckCre and Shp2f/LysMCre tumor-bearing mice. Mean percentage
+s.d., MFl £ s.d.% positive cells results are representative of two independent
experimentswith 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 presentationand Tcell costimulation capacity.
Upon tumor entry, M-MDSC converts into TAMs that promote
tumor progression®. 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 Shp2/f and Shp2#/LysMC mice
onday 15 post MC17-51 tumor implantation and analyzed their gene
expression profile by RNA sequencing (RNA-seq). Gene expression
analysis showed thatamongthe 17,746 expressed genes, atotal of 1,240
genes (842 upregulated and 286 downregulated) were differentially
expressed between Shp2/ and Shp2#/LysM¢cr MDSC (Fig. 4h,iand Sup-
plementary Table 1). Genes involved in leukocyte differentiation and
function'” were among the top differentially expressed in Shp2/fLysMCcre
MDSCs compared to Shp2/f MDSC (Fig. 4i). These included multilin-
eage hematopoietic progenitor genes such as KIf1, Gata2 and Egrl
and the neutrophil transcription factors Cebpe and Gfil (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)*’
(Fig. 4i,j), and genes expressed in mature, fully differentiated granulo-
cytes, such as 5100a8 and Camp*’ (Fig. 4i and Supplementary Table 1)
were highly expressed in PMN-MDSC from tumor-bearing Shp2/LysMCcre
compared to Shp2// mice.

Over-representation and gene set enrichment analysis (GSEA)
indicated that relative to those isolated from Shp2#/ tumor-bearing
mice, gene expression profiles of myeloid cells from Shp2/LysM¢Cre
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,|
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Fig. 2 | PD-1blockade induced antitumor responses in Shp2f/f mice but not
in Shp2f/fLysMCre mice. a—c, Tumor size in Shp2/(a) and Shp2/fLysMCr mice (b)
inoculated with B16-F10 melanoma (3 x 10° 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" T cells (i)

and CD4* and CD8" Tcw-like cells (j) in dLN on Shp2ff versus Shp2f/LysMCr mice
treated with IgG2aor PD-1 Ab mean percentage * s.d. are shown. Results are from
one of three separate experiments with five mice per group. *P = 0.017-0.028,
**P =0.0047-0.0075, ***P = 0.0006, unpaired two-sided ¢ test.

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?é,
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 cells'®, was
substantially decreased (Fig. 4i,j and Supplementary Table 1) in Shp2/
fLysMCre MDSC compared to Shp2"f MDSC. Shp2/LysMCcr 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 MDSC? (Fig. 4i,j and Supplementary Table
1). Thus, myeloid cells in tumor-bearing Shp2//LysMC 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 Shp2//LysMC and Shp2/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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Fig.3 | Myeloid-specific SHP-2 deletion alters the MDSC. a,b, In Shp2//and
Shp2#LysMCr mice, tumor volume was monitored for 14 days (a) and tumor
weight was assessed or on day 14 (b) post inoculation with MC17-51 cells.
c—e, Percentage of CD45*CD11b* cells (c), macrophages, CD11b*Ly6CMLy6G™
monocytic MDSCs (M-MDSCs) and CD11b*Ly6C"°Ly6G* PMN-MDSCs (d), and
representative pseudocolor plots (e) in tumors from mice asin a. f, The ratio of
M-MDSC/PMN-MDSC in the tumors of Shp2/f and Shp2//LysMCr tumor-bearing

mice asin a. g—n, Frequency of CD4* Ter cells (g, k) and CD8* Ter cells (h, 1) and
representative flow cytometry (j, n) and quantification (i, m) of CD44 expression
in CD4* and CD8* Ter cells in LN (g—j), and the spleen (k—n) of tumor-bearing
mice as in a. Mean percentage + s.d. are shown. Results are representative of three
separate experiments with four mice per group and two experiments with seven
mice pergroup. *P =0.0166-0.0293, **P = 0.0019-0.0085, *** P = 0.0003-0.00085,
unpaired two-sided t test.

3,657 downregulated) were differentially expressed between TAMs
from Shp2/LysMCr and Shp2% tumor-bearing mice (Fig. 5a,b, Supple-
mentary Table 2, Extended Data Fig. 2b and Supplementary Fig. 5).
TAMs from Shp2¥fLysMce mice had enhanced expression of genes with
important roles in monocyte, macrophage or DC differentiation and
function, such as the transcription factors Irf8, Kif4 and Zeb2 (Fig. 5b,c
and Supplementary Table 2), monocyte signature genes (Cfp, Ly86
and CsfIR; 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 differentiation?’, and
the immunostimulatory molecules CD86 and CD83 and Csfl, Siglecl,
Clec10 and Slamf7 (Fig. 5b and Supplementary Table 2), which have
been associated with moDC differentiation?%23. Although our experi-
mental system was not geared to investigate DC differentiation, these
findings indicated that TAMs in Shp2///LysMC¢ mice had enhanced gene
expression programs identifying monocytes differentiated from MDPs,
which can give rise to Ly6C* classical and moDC-producing mono-
cytes and DC?. We noted increased expression of Nos2 (Fig. 5b), which
characterizes inflammatory macrophages differentiated from Ly6C"
monocytes?; STING (encoded by Tmem173) (Supplementary Table 2), a
pattern recognition receptor that transmits signals activating IFN type
| responses?®®; 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 Shp2//ILysMC tumor-bearing mice, indicating an enhanced
proinflammatory program. Conversely, compared to TAMs isolated
from Shp2#ft mice, TAMs of Shp2//LysMCr had diminished expression
of inhibitory genes such as Havcr2 (encoding for Tim3), Prdm1, Trem?2
and Whnt (Fig. 5b,c), all of which have detrimental immunosuppressive
rolesin myelocyte-mediated antitumor function®27:28,

Pathway enrichment analysis and GSEA showed that TAMs from
Shp2ffLysMCr 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?°. The differen-
tially expressed cytokine production pathways included enhanced
production of IL-10, IL-17, type | IFN and IFN-y (Fig. 5f,g), proinflam-
matory IL-6, IL-1a, IL-1B 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 Shp2#/LysM¢* TAMs compared to Shp2# TAMs (Extended Data Fig.
2b and Supplementary Table 2). TAMs from Shp2//LysMCr mice had an
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quantification (f) and representative histograms (g) of IFN-y expression in

enhanced signature of multiple metabolic pathways, including lipid,  culture with GM-CSF (Extended Data Fig. 3). Consistent with these find-
carbohydrate and amino acid transport, cholesterol metabolism and  ings, GSEA using Gene Ontology Biological Processes Pathways gene
energy metabolism (Fig. 5i). Enhanced metabolic activity, character-  sets showed that TAMs from Shp2//LysMCc mice were characterized
ized by glucose and glutamine metabolism, increased levels of amino by highly expressed signatures of leukocyte activation, chemotaxis,
acids and anabolic lipid metabolism were also observed in phagocytes migration, cytokine production and inflammatory response (Extended
generated from the bone marrow of Shp2#LysMC and Shp2// mice by Data Fig. 4a).
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To examine whether the properties of myeloid cells from Shp2#
fLysM¢™ mice had a direct role in the improved antitumor responses,
we examined antitumor responses after T cell depletion in Shp2#f and
Shp2LysMCr mice. T cell depletion increased tumor growth in Shp2/f
mice but only marginally increased tumor growth in Shp2/LysMcre
mice, indicating that non-T cell types had a more prominent role in
mediating antitumor responses in Shp2//LysMC mice (Extended Data
Fig. 4b,c). These results indicated that myeloid cells from Shp2//LysM¢cre
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 Shp2#LysMCc* 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 Shp2#/ and Shp2/
fLysMCre mice, we collected CD45*CD11b*Ly6C"Ly6G~ monocytes
and CD45*CD11b*Ly6C"°Ly6G* neutrophils from the bone marrow of
tumor-bearing Shp2//LysMCc mice, mixed them with an equal number
of MC17-51 tumor cells and injected them subcutaneously into naive
wild-type (WT) mice3°. There was no difference in tumor growth in
WT mice that received neutrophils from Shp2/fLysMC tumor-bearing
mice compared to mice that were injected with MC17-51 tumors
alone, whereas WT mice that received monocytes from Shp2//LysMCre
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*Ly6C"Ly6G~ mono-
cytes in Shp2#/LysMCr 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 subsets3!. Quantification of distinct
subsets of myeloid progenitors and mature myeloid cells in the bone
marrow of tumor-bearing Shp2/ and Shp2//LysMCc 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 FIt3*CD115'° CMP, FLT3"-CMP, MDP,
GMP, GP, MP+cMoP or mature differentiated Lin* myeloid cells, includ-
ing total CD45*CD11b* myeloid cells, CD11b*Ly6C"Ly6G~ monocytes
and CD11b*Ly6C"°Ly6G* granulocytes at this timepoint (Fig. 6¢,d and
Extended Data Fig. 5). These observations indicated that bone mar-
row monocytes in Shp2//LysMC 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
HOXA10and 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 Shp2#LysMCr and
Shp27 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 Shp2//LysMCc myelocytes compared to Shp2/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. 6¢,d)’. PD-1immunoprecipitation followed by SHP-2 immunoblot

detected a robust PD-1-SHP-2 interaction in GM-CSF+IL-3-cultured
myelocytes from Shp27f but not Shp2#/LysMCre mice (Fig. 7a,b).

Erk and mTOR are targets of PD-1 in T cells®?, and the
GM-CSF-mediated activation of Erk and mTOR was reported to be
enhanced in PD-1-deficient CMPs and GMPs during culture’. 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
Lck3334, In the myeloid lineage, the Bc subunit of the GM-CSF receptor
(GM-CSFR) represents a major signaling subunit and is tyrosine phos-
phorylated in response to cytokine stimulation3°. The Src kinase Lyn
can directly associate with GM-CSFR Bc 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 cells3334,
showed that GM-CSF induced pY248 and PD-1 interaction with SHP-2
(Fig. 7d,e). Sequential immunoblot with GM-CSFRBc-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-CSFRfc, 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 Pdcd1//LysMC 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
commitment®!3.

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 date3®. 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. Pdcd1#LysMC mice had smaller tumors during longitudinal
monitoring afterimplantation with MC17-51 tumorcellscompared to
control Pdcd1/f mice (Extended Data Fig. 8a,b), consistent with previ-
ous observations in different tumor models’. 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 Pdcd1#/LysMCr tumor-bearing mice compared to Pdcd1%/
tumor-bearing mice.

To determine whether PD-1 deficient monocytes had the abil-
ity to develop trained immunity and lasting antitumor protection,
CD45*CD11b*Ly6C"Ly6G~ monocytes isolated from the bone marrow
of Pdcd1//"LysMC or Pdcd1”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 naive 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 Pdcd17 mice, whereas
recipients of monocytes from tumor-bearing Pdcd1#/LysMCr 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 FIt3*CD115'"
CMP, FLT3-CMP, MDP, GMP, GP and MP+cMoP, or mature differenti-
ated Lin* myeloid cells, including total CD45*CD11b* myeloid cells,
CD11b*Ly6CMLy6G~ monocytes and CD11b*Ly6C'°Ly6G* granulocytes,
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Fig.5 | SHP-2 deletion increases monocyte and DC specificationgene
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 Shp2/f and Shp2#/LysMCcr mice
and analyzed by RNA-seq. log,(FC) > 0 and log:(FC) < O for upregulated and
downregulated genes, g < 0.05 for all DEGs, respectively). ¢, Expression of the
indicated genes by TAMs from Shp27fand Shp2/fLysMCr tumor-bearing mice
(datafrom RNA-seq dataset). d, Bubble plot of substantially enriched pathways
(9<0.1)in TAMs of Shp2#/Lys MCr mice sorted by GeneRatio. e, Heat maps of

DE genes ratio e

differentially expressed genesrelated to macrophage differentiation, macrophage
activation, phagocytosisand TLRsignalingin TAMs from Shp2/# and Shp2//LysMcre
tumor-bearing mice (g <0.05).f,g, Quantification of IRF8, IFN-y, CD86 and IL-10
expression (f) and representative flow cytometry of IRF8 and IFN-y expression (g)
in TAMs of tumor-bearing Shp2# and Shp2#/LysMCr mice. Results are representative
offourindependent experiments with four to six mice per group. h,i, Bubble plot
of cytokine pathways (h) and metabolism pathways (i) substantially enriched in
TAMs (g<0.1) from Shp2#/LysMCre mice sorted by GeneRatio.
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Fig.6 | SHP-2 ablation induces lasting antitumor properties in monocytes.
a, Tumor size in naive WT mice subcutaneously injected with MC17-51 tumor
cells with or without injection with CD45*CD11b*Ly6C"Ly6G~ monocytes or
CD45'CD11b*Ly6C Ly6G* neutrophils isolated from the bone marrow of Shp2/#
fLysMCre mice on day 9 post inoculation of MC17-51 tumors. b, Tumor weight
onday 15in mice as in a. Results show mean + s.d. Results are from one of two
experiments with 77 = 10 mice per group. *P = 0.0104—-0.0387, **P = 0.0033,

ANOVA. ¢,d, The indicated subsets of Lin- myeloid progenitors (c) and mature
CD45*CD11b* myeloid cells and the subsets of CD45*CD11b*Ly6C"Ly6G~
monocytes (CD11b*Ly6C*) and CD45*CD11b*Ly6C Ly6G* neutrophils
(CD11b*Ly6C*) were assessed in the bone marrow of Shp2#f and Shp2//LysMCre
tumor-bearing mice on day 9 before collection of monocytes or neutrophils from
Shp2#fLysMCre tumor-bearing mice for transfer into the new hosts. Results are
fromone of three separate experiments with =5 mice pergroup.

were detected in Pdcd1//LysMC and Pdcd1/f tumor-bearing mice at day
9 post-tumor inoculation (Extended Data Fig. 8f,g).

Next, we performed RNA-seq in TAMs isolated from Pdcd1/LysM¢re
and Pdcd17f 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 Pdcd1//LysMCre and Pdcd1# mice (Fig. 8c,d and
Supplementary Table 3). Pdcd1#/LysMCc* TAMs had enhanced expression
of genes consistent with myeloid cell differentiation, such as Myudm;
inflammatory activation, such as KIf7, 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-
therapy?®’. There was also increased expression of Itgax (CD11c), Nr4a2,
Nr4a3, Egr2, Egr3, Bhlhe40 and CD24 transcripts, which are related to
DC maturation?!(Fig. 8d,e and Supplementary Table 3), indicating that
Pdcd1LysMCr TAMs were derived from monocytes differentiated
from MDPs that could give rise to Ly6C* classical and moDC-producing
monocytes, and DC?.

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 Trem?2, Mertk, CD163 and Mrc1 (CD206) (Fig.
8d,e and Supplementary Table 3). Compared to Pdcd1//! TAMs, Pdcd1//
MLysMCr 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 expression®®. Pdcd1/LysMCe TAMs had increased expression of
Hifla (Fig. 8d and Supplementary Table 3), which promotes glycolysis
under hypoxia but also serves as an indispensable metabolic media-
tor of trained immunity3° 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 production®. In parallel, there was decreased expres-
sion of Cptla, 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), theenzyme 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 immunity**.

GSEA of the top 500 differentially expressed genes showed that
Pdcd1/LysMC 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 |
IFNs (Fig. 8f and Extended Data Fig. 9a), all functions associated with
antitumor properties of TAMs*%%3, 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-1in T cells®?. Pdcd1//LysMC 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 Shp2//LysMCre
and Pdcd1//LysMCcr 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 | IFN-induced genes such as Ifi205, Rsad2 and Ifit1, the small
GTPase Rapla and the Rapl-interacting partner RIAM (Apbblip), which
has an indispensable role in phagocytosis*; TLR signaling mediators
such as Wdfy1 and CD180, macrophage activation genes such as KLF7
and CD86, and metabolic regulators including Hifla, Pdp1 and Hmgcs1
(Fig. 8d and Supplementary Table 4).

Among pathways enriched in the differentially upregulated genes
in Shp2/fLysMCr TAMs, 22% overlapped with pathways enriched in
Pdcd17LysMCr TAMs (Fig. 8g), consistent with multiple signaling inter-
actions of SHP-2 besides PD-1. Conversely, 59% of the pathways enriched
in Pdcd1/LysMC TAMs overlapped with pathways enriched in Shp2/
fLysM¢re 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 IRFS. 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 Shp2ffand Shp2#LysMCre bone marrow cells
culturedfor 48 h with GM-CSF (10 ng ml™) and IL-3 (5 ng mI™). Expression of actin
inwhole-cell lysates wasexamined asinput. 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 Shp2#/cells, defined as
one.Resultsarerepresentative of three experiments. ¢, Expression of PD-1and
PD-L1in Lin~ (top) and Lin* (bottom) cells following 48 h of the bone marrow
from C57BL/6 WT mice asin a. MFl + 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 asin a, rested for 3 h and then either
leftuntreated or stimulated with GM-CSF (40 ng ml™) for the indicated time
points. e, The abundance of PD-1 phosphorylated atY248 (pPD-1), SHP-2, GM-
CSFR(Bc) and Lyn coprecipitated with PD-1 from the cell lysates was normalized
toimmunoprecipitated PD-1 and was expressed asfold change over the

value obtained in nonstimulated cells at the zero timepoint (defined asone).
Expression of indicated proteinsin 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
Pdcd1# and Pdcd1#LysMCr mice cultured as in a. Expression of actin in whole-cell
lysates was examined asinput. 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, ¢-test.

in the gene sets of Pdcd1//LysMC and Shp2//LysMC 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 Pdcd1/1LysMC¢ and Shp2/fLysMC 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 factors*°>. We examined the expression of
genes recently identified to be induced by IRF8 in mature phagocytic
cells of the monocyte/DC lineage®. In TAMs from Shp2//1LysMC mice,
891 (24%) of the 3,650 upregulated genes were IRF8 targets (Fig. 8i
and Supplementary Table 5) and in TAMs from Pdcd1//LysMCr 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 Shp2/LysMC¢ and Pdcd1//LysMC 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 factors**. Among the common IRF8 targets upregulated
in Shp2//LysMC¢ and Pdcd1#/LysMC TAMs were the scavenger receptor
CD36, the costimulatory molecule CD86, the volume-regulated anion
channel Lrrc8c, which regulates STING activation and production of
type | interferons, the enzyme Hmgcs1, the transcription factor Egr2,

the antioxidant mediator Tmx4, macrophage activation genes such as
Vecan and Clec4n and the cytokine IL-10 (Fig. 8i,j and Supplementary
Table 5). Among IRF8-target genes upregulated selectively in Shp2/
/LysMC TAMs were the transcription factors Nr4al, Maff and Zeb2 (Fig.
8i), whereas among IRF8 targets upregulated specifically in Pdcd1/
fLysMCr 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 Pdcd1/fLysMC 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 Pdcd1"ALysMCre and Shp2fLysMCr 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
immunity“®. Because IL-10, an IRF8-regulated gene®, was upregulated
in TAMs of Shp2LysMCr and Pdcd1#//LysMC mice, we examined its
role in the altered immunological properties of myeloid cells and the
enhanced antitumor responses in Shp2#/LysM¢* and Pdcd1#/LysMCc mice.
In WT, Shp2/fLysMCc and Pdcd1/LysMC* mice treated with IL-10 neutral-
izing antibody orisotype controlonday9, 11and 13 postinjection with
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Fig.8 | PD-1deletion altered signaling and metabolism, and imprinted

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

mice subcutaneously injected with MC17-51 tumor cells with or without
CD45*CD11b*Ly6C"Ly6G™ monocytes isolated from the bone marrow of Pdcd1/?
fLysMCreand Pdcd1# mice on day 9 post inoculation of MC17-51 tumors. b, Tumor
weighton day 15in mice asin a. Results show mean +s.d. Results are from one of
two experiments with 7 = 10 mice per group. **P = 0.0055—0.0079, ***P = 0.0006,
ANOVA. ¢,d, Volcano plotof DE genes (c) and heat map (d) of 1,766 genes
differentially expressed in TAMs isolated from MC17-51 tumor-bearing Pdcd 17/
and Pdcd1#LysMCre mice and analyzed by RNA-seq. logz(FC) > 0 and log(FC) <0
forupregulated and downregulated genes, g < 0.05 for all DEGs, respectively).

e, Expression of the indicated genesin TAMs from Pdcd 17 and Pdcd17/LysMcre
tumor-bearing mice (data from RNA-seq dataset). f. Bubble plot of substantially
enriched functional, signaling and metabolic pathways (g < 0.1) among the top
500 DE genes in TAMs of Pdcd1#LysMCre mice compared to Pdcd1/ mice sorted
by GeneRatio. g, Venn Diagrams depicting the overlap of substantially enriched
pathways between upregulated DE genes in Shp2#/LysMCreand Pdcd1/LysMCcre
TAMs. h, Bubble plot of common pathways enriched inamong the top 500 DE
genesin Shp2/LysMCrand Pdcd1#LysMCcrTAMs.1,j, Heat maps of the top 6,500 DE
genesin TAMs of tumor-bearing Shp2#/LysMCre mice (i) and heat maps of the top
1,766 DE genes in TAMs of Pdcd1//LysMC 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
Shp2fiLysMCre and Pdcd1LysMCr 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 Shp2//fiLysM¢re
and Pdcd11LysMCr 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
Shp2/fLysMCr or Pdcd1//fLysMC 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 Shp2//LysMC and Pdcd1#/LysMC tumor-bearing mice had a direct
impact on controlling tumor growth and could transfer antitumor
immunity into naive 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 lymphocytes®?. 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 tumors®’.
In contrast, chemokine production signatures of TAMs in Shp2/Ly-
sM¢re and Pdcd 17 LysMC 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 KRAS®'2¢-GDP inhibitors have been
employed with the main purpose to target signaling vulnerabilities
in cancer®°. 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 gene?’, was increased in SHP-2-deficient
and PD-1-deficient TAMs, whereas IL-10 neutralization compromised
the enhanced antitumor immunity of Shp2//LysM¢ and Pdcd1//LysM-
Cre mice. Myeloid-specific SHP-2 ablation was reported to enhance
IL-10-mediated immunosuppression in gut macrophages protecting
mice from intestinal inflammation and carcinogenesis®'. 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 immunity*®. 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 patients®?.

Besides IL-10, TAMs from Shp2#/LysMC¢ and Pdcd1%/LysMCc mice had
increased transcripts of other genes that counteract protumorigenic
inflammation, compared to Shp2/f and Pdcd1/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-1R%3. 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 | PI3K
regulatory subunits, limiting their expression®*. Because TLR/IL-1R
and PI13K-mediated signaling in myeloid cells promote protumorigenic
inflammation®®, our findings uncovered several mechanisms capable
of mediating fine-tuning of proinflammatory signaling in SHP-2 and
PD-1deficient 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, respectively*. 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 function®. 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 lineage®®. In addition to transcription, IRF8 abundance is
regulated by post-transcriptional mechanisms through Notch®® and
c-Cbl ubiquitin ligase®’. Future studies are required to determine how
IRF8 abundance and function are regulated in the context of cancer
and PD-1-SHP-2signaling.

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 naive hosts, a feature previously
attributed to the development of trained immunity. Neutrophils
might also develop anticancer-protective trained immunity3°; how-
ever, in our system, we found that monocytes but not neutrophils
conferred antitumor protection. Of note, IL-1B that drives train-
ing of monocyte precursors3' 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 Ptpnl1
gene (encoding for Shp-2) were kindly provided by Dr. Gen-Sheng
Feng (University of California, San Diego) and have been previously
described>®. Mice with conditional targeting of the Pdcdl gene (encod-
ing for PD-1) have been previously described’. 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 x 10° or 3 x 10° cells per mouse, as described in individual experi-
ments) or MC17-51 fibrosarcoma (4 x 10% or 1 x 10° cells per mouse) were
injected subcutaneously in the left flank under isoflurane anesthesia.
For adoptive transfer of monocytes or neutrophils into naive hosts,
CD45*CD11b*Ly6C"LYy6G~ 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 x 10° monocytes or 0.75 x 10° 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 x width? x 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 pg of either InVivoMADb 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 pl 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 pg of
InVivoMADb antimouse CD3e (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 ug 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 described’. Briefly, tumors were
digested by 1 mg ml of Collagenase | in incomplete RPMI and then fil-
tered through 70 pl strainers, while the spleens and the tumor-draining
lymph nodes were directly filtered through 70 pl strainers. For flow
cytometry studies, 1 x 10® were resuspended in 1X PBS supplemented
with 2.5% FBS and plated in 96-well round bottom plates. Surface
staining was performed at 4 2C 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 2C 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 methodology’. 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 GR1"'Ly6G*Ly6C™ (PMN-MDSC) and GR19™MLy6G Ly6C*
(M-MDSC) cells. Serial dilutions of MDSCs (2 x 10°, 1 x 10° 0.5 x 10°,
0.25x 10°and 0.125 x 10°) were plated in flat bottom 96-well plates with
2 x 10° splenocytes per well isolated from OTI-TCR transgenic mice
and 250 ng ml* of ovalbumin peptide (OVAs7.264) for 72 h. As a control,
OTl splenocytes were incubated with OVA peptide (OVA;s;7-264) 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 Shp2/” and Shp2#/LysMC mice were cultured for 48 h in Iscove’s media
supplemented with 10% FBS, 2 mmol I-* glutamine, 100 units per ml
penicillin—streptomycin, 10 mM Hepes and 20 pM B-mercaptoethanol,
in the presence of GM-CSF (10 ng mI=) and IL-3 (5 ng mI!) (both pur-
chased from Peprotech). Where indicated, a PD-L1 blocking antibody
(MIHS5) (10 ug ml~!) 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 x 10° cells per mlin prewarmed
RPMI 1640 containing 10 mM HEPES and were stimulated with GM-CSF
(40 ng ml?). At the indicated time points, the reaction was stopped by
adding cold PBS and placement on ice.

Immunoprecipitation and immunoblotting

To prepare lysates, cells were washed in PBS and lysed as previously
described in ref. 34. Briefly, cells were resuspended and lysed in lysis
buffer containing 50 mM Tris—HCI, pH 7.4, 150 mM NaCl, 2 mM MgCl,,
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-CSFRB (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
laboratory3*. 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 ul of agarose slurry/sample was first washed three
times with lysis buffer and then resuspended in 40 ul of buffer. For
each IP sample, 40 pl of washed agarose-conjugated Ab were mixed
with 500—1000 pg of cell lysates and incubated overnight at 4 2C 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
aquick 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 IRFS,
respectively, and was expressed as fold change over the value obtained
in Shp2/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 Shp2/ cells, defined as one.
Expression of PD-1in whole-cell lysates was used as input.

RNA-seq and analysis

For RNA-seq, PMN-MDSCs (GR1MLy6G*Ly6C") were isolated from the
spleens of MC17-51 fibrosarcoma bearing and Shp2/LysM¢* and Shp2/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 lllumina NextSeq
500 as paired-end 42-nt reads (Active Motif). Raw sequencing reads
were quality-checked using FastQC (v0.11.5)°° and data were pre-
processed with Cutadapt (v2.5)%° for adapter removal following best
practices®!. Gene expression quantification was performed by aligning
against the GRCm38 genome using STAR (v2.7.3a)%? and quantifying
reads against Ensembl v98 (ref. 63) annotated gene loci with feature-
Counts (Subread 1.6.2)%*. Differential gene expression analysis was
performed using DESeq2 (v1.24.0)%, while ClusterProfiler (v3.12.0)%°
was used for downstream functional investigations. Plots were gen-
erated in R using ggplot2 (v3.3.3)%’, EnhancedVolcano (v1.8.0)°® and
ComplexHeatmap (v2.6.2)%. Storey’s g value was used to control
family-wise error rate’. 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 Shp2// and Shp2/
fLysMCre mice by culture in Iscove’s media supplemented with 10% fetal
bovine serum, 2 mmol I"? glutamine, 100 units per ml penicillin—strep-
tomycin, 10 mM Hepes and 20 uM beta-mercaptoethanol, in the pres-
ence of GM-CSF (40 ng ml~)7t. 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 previously’?. Briefly, Lin"®® bone marrow cells were cultured
with G-CSF and GM-CSF (40 ng ml* 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 pl 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 RNAwas 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 TagMan 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,
***¥*D < 0.0001). No statistical methods were used to predetermine
sample sizes, and our sample sizes were similar to those reported in
the previous publications”'®'. 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, Shp2/f, Shp2#/LckCre, and Shp2/fLys MCre 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 pergroup and are representative of three independentexperiments.
(*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. ¢, d, Shp2#fand Shp2#/
fLysMCre mice were inoculated with B16-F10 melanoma cells, tumor volume was
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monitored longitudinally (c) and tumor weight was measured at termination on
day 16 (d). Data are meansof n =5 mice per group and are representative from
one of fourindependentexperiments. (*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) intumors were assessed. Data are representative of means + SD are shown.
Resultsfrom one representative of 4independent experiments with n = 4 mice
pergroup 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, Shp2//LysMC¢r and Shp2/f mice were injected with MC17-51
cancer cells and 15 days later, PMN-MDSC (a) were isolated from the spleens,
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basdds |

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 DESeq?2.
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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 Shp2#/LysMCre and Shp2f/ 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).
¢, Individual graphs of relative peak intensity of representative intermediate

metabolites of glycolysis, PPP and TCA cycle. Results from one representative
oftwo 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 firstand third quartile, respectively. The horizontal line inside the
boxindicatesthe medianvalue, whereas the lower and upper bars indicate the
minimum and maximum of distribution, respectively.
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MC17-51 tumor-bearing mice compared to Shp2/f MC17-51 tumor-bearing mice,
collected atday 15 after tumor implantation. Differential gene expression
analysis was performed using DESeq2 and ClusterProfiler (v3.12.0) was utilized
fordownstream functional investigations. b, ¢, Shp27fand Shp2#/fLysMCre
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every third day, and tumor growth was monitored for 12 days (b). Results show
meansoftumorvolume and are representative of one from two independent
experiments with n = 10 mice per group, (***p < 0.001) unpaired t-test two tailed.
¢, At termination, expression of lymph node CD4* and CD8*T cells was assessed
by flow cytometry. One representative histoplot of each treatmentcondition
generated from Shp2#/LysMCre mice is shown. (In this experiment, the number of
injected MC17-51 cells was reduced by 50% because, after T celldepletion, tumors

in Shp2#f mice rapidly exceeded the permitted size).
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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
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by flow cytometry at the indicated time points (b). ¢, 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-testtwo tailed.
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Extended DataFig.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 1gG control of anti-PD-L1 blocking antibody (MIH5)
(10 pg/ml). Celllysates were prepared and immunoprecipitation wasdone
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
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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
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and CD86* TAMs. a, b, Pdcd12/ and Pdcd1#LysMCr 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
oftumor volume (a) and means + SD of tumor weight (b) and are representative
offourindependent experiments with n =6 mice pergroup, (**p <0.01,
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examined for the expression of IRF8, CD80 and CD86 by flow cytometry. Means
+SD of % positive cells and MFl are shown. Results are from one representative
offourindependent experiments with n = 6 mice pergroup (**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 Ly6C"Ly6G™ and
Ly6C°Ly6G*cells (g).
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Extended Data Fig. 9 | Distinct transcription signatures in TAMs of Pdcd1f/ with MC17-51 fibrosarcoma and atday 15 afterinjection, TAMs were collected
fLysMCre tumor-bearing mice compared to Pdcd1f/f tumor-bearing mice from tumors and RNA-seq was performed followed by GO analysis of DEG. GO
TAMs. a, Pdcd1#LysMCr and Pdcd1f mice were injected with MC17-15 cancer cells Biological Processes of common signaling pathways enriched among top 500
and 15 days later, TAMs were isolated from tumors and RNA-seq was performed DEG in TAMs from Shp2//LysMCreand Pdcd 1#/Lys MCre tumor-bearing mice are
followed by pathway enrichment analysis of DEG. Heat maps of DEG for enriched shown. Differential gene expression analysis was performed using DESeq2 and
pathways are shown. b, Shp2//LysMCrand Pdcd1#LysMCr mice were injected 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,
Shp2/LysMCre and Pdcd1#/LysMCr mice were injected with MC17-51 cancer cells and
were subsequently treated with anti-IL-10 Ab or control IgG1 ondays9,11,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.
Atday 15 after tumor injection, GR1*MDSC were isolated from the spleens of
wild-type mice treated with IgG, and from Shp2/LysMCr (c) and Pdcd1#LysMCre (d)
tumor-bearing mice treated with anti-IL-10 Ab or IgG and were cultured at various
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ratios with splenocytes from OTI transgenic mice (2x10°cells/well) stimulated
with OVA2s7.264. 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 Il, CD80 and CD86 (f) at the
tumor site, were examined by flow cytometry. Data show Means + SD and are
representative fromone of two independent experiments with n = 5 Shp2#/Lys MCre
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
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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 defense'. 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 activation”. 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 mediators®. 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 diseases*.

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 tissues’.
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 integrity®’, 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)>®. 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. *'Y). 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 liver'"'>. Major embryonically
derived TRM populations are found in skin, spleen, pancreas, liver,
brain, and lung®. 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 tumors'".

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-tumorigenic'®.
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
cells”. 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. '*2%). 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 features®. 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 metastasis® .
The distinct properties of TAMs are potential therapeutic targets
(reviewed in ref. %).

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)”. 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*Ly6CMLy6G~ monocytic MDSCs (M-MDSCs) and
CD11b*Ly6C*Ly6G* polymorphonucear 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-DR""~ myelocytes (reviewed in ref. ). 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)’! 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 axis**
(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
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and promote cancer growth*. 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 TAMs»*. CCL5 may stimulate monocyte production
and recruitment to tumors”, whereas CCL4 (ref. ) produced by
TAMs can recruit BM-derived monocytes.

Nonclassical ‘patrolling” monocytes, identified as CX3CR1MLy6C~
in mice and CX3CR1MCD144"CD16* in humans, are also generated
in the BM. Patrolling monocytes have a protective role against can-
cer progression and mediate metastasis immunosurveillance™ .
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)*. Mice lacking patrolling monocytes have impaired
activation and accumulation of NK cells and develop multiple pul-
monary metastases”’. Although patrolling monocytes are initially
protective, the effect of BM-derived TAMs gradually becomes dom-
inant, resulting in progression of primary and metastatic tumors™?.
Under these conditions, inhibiting recruitment of BM-derived
monocytes can reduce both primary tumor and metastatic burden®.

Tissue-resident macrophages

All healthy tissues harbor TRMs, which support defense, homeo-
stasis, maintenance of tissue integrity, and wound healing’. During
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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 size*'. 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 TRMs*. In a lung cancer model, macrophages of both ori-
gins contributed to tumor growth and progression®. 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-1B,
SDF1a, 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 asb1 integrin. Blockade of this pathway inhib-
its tumor inflammation and growth*. Specifically, IL-1B, SDF1q,
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
y (PI3KYy), the PI3K isoform predominantly expressed in myeloid
cells®. PI3Ky activates Bruton’s tyrosine kinase (BTK), phospholi-
pase C (PLC), and RasGrp/CalDAG-GEFs, leading to the activa-
tion of Rapl and its downstream effector RIAM*. The Rap1-RIAM
module regulates reorganization of cytoskeletal actin, talin con-
formational changes, and integrin activation***, guiding leuko-
cyte adhesion and migration®. Inhibition of this signaling cascade
can decrease monocyte recruitment and TAM accumulation in
tumors®. Activation of PI3Ky mediates generation of TAMs by
suppressing the activation of the transcription factor NF-kB and
promoting ¢/EBPB-mediated signaling*’. However, the integrin
ambz (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 TAMs>. 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 genes™, sug-
gesting that loss of ambz 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 monocytes’'.
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 differentiation™. The enhanced phos-
phatase activity is induced by disruption of CD45 protein dimer-
ization, an effect mediated by the sialic acid in the TME*%. 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
tissues”. In mouse models of breast cancer with lung metastatic
disease, transcriptomics studies showed that newly recruited
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BM-derived monocytes convert into a precursor Ly6CHCD11bh
cell population, which produces the chemokine ligand CCL3, and
recruit metastasis-facilitating macrophages™.

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 chemotherapy™™. 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-
inAl-plexinA4-mediated stop signals”. The pro-angiogenic prop-
erties of TAMs in the hypoxic niches also rely on their metabolism.
REDDY1, 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 metastasis”.
Other TAMs differentiate into metastasis-associated macrophages
that are able to escort cancer cells at distal sites and facilitate their
engraftment to form metastasis*. Conversely, IRF8, a transcription
factor with a decisive role in monocyte and moDC lineage commit-
ment, imprints a macrophage program that prevents metastasis™.
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 foci*. 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 capacity®”, 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 macrophages”, the TRMs of the lung’.
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 (Tul) responses and enhanced lung metastases (Fig. 1b).
Depletion of alveolar macrophages reversed immunosuppression,
strengthened local Tr1 cell responses, and reduced metastatic bur-
den. Thus, TRMs might foster the formation of the premetastatic
niche and support development of metastatic disease”. 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 site®.

In liver Kupffer cells (KCs), the local TRMs, TREM-1-mediated
activation results in secretion of proinflammatory cytokines,
including IL-6, IL-1B, TNF, CCL2, and CXCL10, leading to inflam-
matory liver injury and subsequent carcinogenesis (Fig. 1c)*. 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 HCC”. 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 mice®.

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 o, integrin. IL-1B, SDF1a, 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 y (PI3Ky), initiating a signaling cascade that leads to integrin activation. Activation of PI3Ky inhibits signaling through

the transcription factor NF-kB while promoting c/EBPB-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 (Nrpl1) pathway, where Nrp1l is downregulated and Sema3A entraps TAMs locally through plexinAl—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 sac'' and are divergent from BAMs (reviewed in
ref. ©%). 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 accordingly®. Genes representing the
microglial sensing system are well-defined®*, and responses of
microglia to pathologies vary widely, depending on their location
within the CNS. High-resolution single-cell RN A-sequencing stud-
ies of mouse and human microglia indicated the existence of highly
heterogeneous populations of microglia under normalcy®.
Primary brain cancers (which originate within the CNS) are
composed of histopathologically and molecularly distinct neo-
plasms®”, and their tumor immune microenvironment dem-
onstrates remarkable heterogeneity®. 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
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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
phenotypes®; in human glioblastoma, they additionally display
expression profiles of non-polarized M0 macrophages’.
Detailed analyses of the immune populations in primary and
metastatic human brain tumors'*'> 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 glioma”’. 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
tumors'">. 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 tumor™. 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 phenotype’. 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,
VEGEF, CD163, and Arg-1 and is associated with an immune quies-
cent profile’. 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)”. 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 cancers®”.
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
B-glucosylceramide drives reshuffling of lipid composition on the
ER membrane, leading to IRE1-dependent ER stress responses”™.
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-STATS3 signaling or preserving lipid
composition of the ER membrane by genetic and pharmacological
approaches diminished the pro-tumorigenic ability of TAMs and
inhibited tumor progression”. 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 generation’. 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 models”. 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 deprivation™.
Consistent with these findings, production of a-ketoglutarate
(aKG) via glutaminolysis is important for M2-like activation of
macrophages, including engagement of FAO and epigenetic repro-
gramming of M2 genes”. This M2-promoting mechanism is fur-
ther modulated by a high alKG/succinate ratio, whereas a low ratio
strengthens the M1-like phenotype”™. The immunometabolic prop-
erties of TAMs correlate not only with TAM functional diversity,
but also cancer prognosis. For example, diversity of MHCII and
MHCII TAM subsets correlate with distinct metabolic signa-
tures and abilities to utilize lactate, a metabolite that is abundantly
present in the TME. In MHCII® TAMs, lactate supports oxidative
metabolism, increases L-arginine metabolism, and enhances their
T cell suppressive capacity®. 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
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functional properties in many cancers, including lung, renal, brain
breast, and ovarian cancer, head and neck carcinoma, melanoma,
and colorectal cancer'*'>72¥=% The evolution of such technologies
might guide the development of new therapies targeting unique
properties of tumorigenic TAMs®.

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. *%). Tumors were
proposed to behave as wounds that do not heal®; 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 coagulation®. 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 TME®. 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 KRAS®'? (ref. %), p53 (ref. "),
BRAFVOUE (ref. °1), and BRCAL (ref. ?).

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. ***), or RNA, recognized by
TLR3 (ref. ®%), induce monocyte recruitment to the primary tumor
and the metastatic niche®. These pathways, along with NLRP3,
which recognizes ATP”, 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)>.

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 IIFN induced by viral infections”. 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-
apies”, but can be hijacked by the tumor to initiate cancer-related
inflammation and immunosuppression'”’. Notch signaling, which
isinvolved in myeloid cell development and hematopoiesis and is
needed for the differentiation of M1-like effector macrophages'*'”,
is also involved in the differentiation of TRMs into TAMs*.. PI3K, a
critical regulator of effector immune responses, acts as a mediator of
cancer-related inflammation®.

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 macrophages™. In
response to TLR signaling or phagocytosis of cancer cells, TAMs
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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 cytokines'**"'"®, and syner-
gize with Sirpla, which transmits phagocytosis-inhibitory signals
after engagement by CD47 (ref. '™*). 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 proliferation'™.

Expression of PD-1 is induced by TLR signaling in myeloid cells
and is correlated with impaired M1-like polarization'®. In the con-
text of infection, PD-1 expression in macrophages suppresses the
innate inflammatory response to sepsis'” and inhibits the phagocy-
tosis of Mycobacterium tuberculosis'. PD-1 upregulation in TAMs
during tumor progression compromises their phagocytic potency
in a mouse model of colon cancer’®. 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 phagocytosis®. Conversely, selective PD-1
ablation" or macrophage-specific PD-1 blockade'® in murine tumor
models, or PD-1 blockade in monocytes from people with CLL?,
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.
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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)'”. Macrophages have a central role in this process by medi-
ating phagocytosis and clearance of cancer cells'” and the presen-
tation of cancer neoantigens to T cells®. 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 escape'®. 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 s controlled by posttransla-
tional, metabolic, and epigenetic modifications''"''?, 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 immunity'"”. 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 immunotherapy'".
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Because macrophages have a physiological role in mediating
resolution of inflammation and promoting tissue remodeling and
healing?, 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 macrophages'. The nuclear hormone
receptor PPARYy 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 LXR!">'°.
Notably, LXR activation can suppress cancer growth in multiple
murine tumor models'”. 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 produced''®. 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 responses'”. 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

of SPMs induced inflammation resolution, T cell activation, and
suppression of cancer growth'®. Thus, a plausible scenario might be
that, during the immune equilibrium phase, the anti-inflammatory
pathways of TAMs are progressively suppressed and eventually lose
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.
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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.
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ARTICLE INFO ABSTRACT

Keywords: During the past decade there has been a revolution in cancer therapeutics by the emergence of antibody -based

Tumor microenvironment and cell-based immunotherapies that modulate immune responses against tumors. These new therapies have

Signaling pathways extended and improved the therapeutic efficacy of chemo-radiotherapy and have offered treatment options to

Checkpoint inhibitors . . . . L
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 has been investigated for many years. However, enthusiasm waxed and
microenvironment waned based on discoveries that supported or opposed the hypothesis
that cancer can be subjected to immune-mediated control. It is currently

The exploitation of the immune system for the treatment of cancer 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 (TAMSs) 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

Seminars in Cancer Biology 86 (2022) 187-201

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-B [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

DC CXCL9, CXL10,
N CXCL11, CXCL20 Growth factors
: DAMPs Bone Marrow
T cell %
o, Cancer
..Q ° Emergency
0% myelopoiesis

* Angiogenesis

* Tissue remodeling

* Extravasation

* Altered signaling

* Altered metabolism
+  Soluble inhibitors (IDO, TGF-B) n T

PMN-MDSC

Impaired DC and macrophage functions:
phagocytosis, antigen presentation,
costimulation

T cell exhaustion
Treg generation
Cancer immune escape
Cancer growth, metastasis

° r
&
o N Ny
m “= Fibroblast H:'C
o
P
MDP GMP
Recruitment: CCL2, CCL5, CXCL12 / \
Tolerogenic TAMs: IL6, IL10, VEGF -
= D ©
O® [ J . . .o. ‘ q
- L ]
® - M-MDSC G

PMN-MDSC

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 myel osuppressive 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 RORyt 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

MHC-II
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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-o0/p 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 Thl 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 naive CD8* T cells on MHC class |
molecules by the DC (Fig. 2A). Although priming of naive 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* c¢DC1 found in the TME, which then migrate to the
tumor-draining lymph node and cross-present tumor antigens to naive 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+ c¢DC1, can prime naive CD8* T cells [35].
CCRY7 isrequired 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
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Fig. 2. DCs, particularly the cDC1 subset, can capture and process tumor-associated antigens and present them to CD4* T cells by MHC-I1 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.

189



S. Yenyuwadee et al.

survival [36].

Within the TME, CD103* c¢DC1 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, cDC1l 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 1L-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. PGE: 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, PGE: 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
| complex to the cell surface resulting in decreased antigen-presentation
ability and T cell stimulation [43]. Tumor-derived TGF- 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
TNFa and IL-6, and downregulated the expression of CD80, CD40, and
MHC class | molecules [56]. PD-1 regulated multiple NF-kB 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
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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 cDC?2 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 Thl 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 naive 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-a 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-a, in tumor settings including
ovarian cancer, breast cancer, and melanoma, cancer-associated pDC
have impaired IFN-a secretion [70]. This effect might be mediated by
TNF-a and TGF-B 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 naive 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-a
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 1L-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+*Ly6C'" in mice and CD11b+CD14CD15+/CD66b+ in
humans, while M-MDSCs are identified as CD11b+Ly6G Ly6C" in mice
and CD14+CD15HLA-DR'" 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-1o
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/PGE: pathway, pSTAT1-IRF1 axis and hypoxia-
induced HIF-1o [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
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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., I1L-6, IL-1,
and 1L-8) and chemokines (e.g., CCL2, CCL5, CXCL12), are produced
during cancer evolution (Fig. 1). For example, in pancreatic adenocar-
cinoma, KRAS®?P 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,
BRAFV5%E 3 highly oncogenic mutated form of BRAF, and STATS3, 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
TAMSs, 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 Tie2" 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-B pathway, Th17 pathway, monocyte/macrophage infiltration, and
resistance to checkpoint immunotherapy [111]. Thus, cancer-specific
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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 IFNy and TNF-a (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
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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, Diesl, SISP1 and
DD1a) 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 naive 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-B 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 naive Tregs
(nTreg: CD45RA* FOXP3") and activated effector-Tregs (eTreg:
CD45RA- FOXP3") are highly suppressive while the CD45RA- FOXP3"
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 Terr cells and
distinct Twm cell subsets, including Tscm, Tem, 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 Tewm
mediate enhanced antitumor and antiviral responses compared with
more-differentiated Tem and Terr cells [177-179]. Preservation of Tscwm
and Tcwm 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 Terr
differentiation, while promoting the generation of Tscm 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].
Tewm 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 S1prl, CD62L (L-selectin) and
CCR7 [192-194]. CD103 integrin, formed by oE (CD103) and B7 sub-
units, promotes Trm cells retention and homing to epithelial tissue and
tumors [195-197]. Trwm 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
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adoptively transferred pmel T cells acquired a Trm immunological pro-
file with a CD103+CD69+CD62L' phenotype in the skin, draining lymph
nodes, lung, and liver [198]. In this context, Trw cells had a protective
function against metastasis and expressed transcripts different from Tcwm
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 Trm
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 * Trwm cells
display robust production of cytokines such as granzyme B, granzyme A,
perforin, and IFN-y [198,200-203]. Importantly, recent work, using a
VHL deficiency mouse model, provided evidence for a link between
HIF-10 and CD103 expression and showed that HIF-1a expression sup-
ported enhanced differentiation of Trm cells with cytotoxic function
[200,203]. These findings link HIF-1a, a key signature molecule of the
TME, with Trm differentiation and function and underline the direct
relevance of Trwm in anti-tumor immunity.

Tru 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 Trwu-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 Trwm cells in
cancer evolution and response to immunotherapy suggest that Trwm
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 Thl, 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 CD56%™ NK cell subset, while the
immature and poorly cytolytic CD56""" 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-1) 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/11 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 CD56%™ or to the
CD56™9 NK compartment and not to the immature CD56"9" 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],
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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 mMRNA and protein
PD-1 levels to be higher in the CD56%™ NK cell subset [242]. In contrast,
PD-1 expression was found to be higher in CD569" than CD56™
mature NK cells from blood and tissues from patients with Hodgkin
lymphoma [243]. Asin 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 (1L)— 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 CD56%™ 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 CD56%™ NK cell
subset, while on the CD569" 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 CD569™ and
CD569" 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

ILCs

TACTILE

|

Cancer immune escape, cancer growth, metastasis

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-y and TNF-a 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-y
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-B-mediated conversion of NK to ILC1 cells, several checkpoint re-
ceptors were upregulated, among which LAG-3, TIGIT and CD96
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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-B 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.
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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, Shp27LysMCre and
Pdcd1”LysMCre 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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