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Abstract

PD-1, a T cell checkpoint receptor and target of cancer immunotherapy, is also expressed on
myeloid cells. The role of myeloid-specific vs. T cell-specific PD-1 ablation on anti-tumor
immunity has remained unclear because most studies have used either PD-1 blocking antibodies or
complete PD-1 KO mice. We generated a conditional allele, which allowed myeloid-specific
(PD-1f/fLysMcrey or T cell-specific (PD-17fCD4cre) targeting of Pacdl gene. Compared to T cell-
specific PD-1 ablation, myeloid cell-specific PD-1 ablation more effectively decreased tumor
growth. We found that granulocyte/macrophage progenitors (GMP), which accumulate during
cancer-driven emergency myelopoiesis and give rise to myeloid-derived suppressor cells (MDSC),
express PD-1. In tumor-bearing PD-1/fLysMcre pt not pD-1ffCDACre mice, accumulation of GMP
and MDSC was prevented, while systemic output of effector myeloid cells was increased. Myeloid
cell-specific PD-1 ablation induced an increase of T effector memory (Tgpm) cells with improved
functionality, and mediated anti-tumor protection despite preserved PD-1 expression in T cells. In
PD-1-deficient myeloid progenitors, growth factors driving emergency myelopoiesis induced
increased metabolic intermediates of glycolysis, pentose phosphate pathway and TCA cycle but,
most prominently, elevated cholesterol. As cholesterol is required for differentiation of
inflammatory macrophages and DC, and promotes antigen presenting function, our findings
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indicate that metabolic reprogramming of emergency myelopoiesis and differentiation of effector
myeloid cells might be a key mechanism of anti-tumor immunity mediated by PD-1 blockade.

One sentence summary:

PD-1 ablation regulates metabolism-driven lineage fate commitment of myeloid progenitors and
differentiation of effector myeloid cells

Introduction

PD-1 is a major inhibitor of T cell responses expressed on activated T cells. It is also
expressed on NK, B, Treg, T follicular helper (Tgy) and myeloid cells (1). The current
model supports that a key mechanism dampening anti-tumor immune responses is the
upregulation of PD-1 ligands in cancer cells and antigen presenting cells (APC) of the tumor
microenvironment (TME), which mediate ligation of PD-1 on tumor-infiltrating CD8* T-
cells, leading to the development of T incapable of generating anti-tumor responses (2).
Therapeutic targeting of the PD-1 pathway with antibodies blocking the PD-1 receptor or its
ligands induces expansion of oligoclonal CD8* TILs that recognize tumor neoantigens (3).
Thus, in the context of cancer, PD-1 is considered a major inhibitor of T effector (Tgrg)
cells, whereas on APC and cancer cells, emphasis has been placed on the expression of PD-1
ligands. PD-L1 expression in the TME is often a pre-requisite for patient enrolment to
clinical trials involving blockade of the PD-1 pathway. However, responses do not always
correlate with PD-L1 expression and remains incompletely understood how the components
of the PD-1: PD-L1/2 pathway suppress anti-tumor immunity.

Recent studies indicated that PD-1 can be induced by TLR signaling in macrophages (M®),
and negatively correlates with M1 polarization (4). PD-1 expression in macrophages plays a
pathologic role by suppressing the innate inflammatory response to sepsis (5) and inhibiting
M. tubeculosis phagocytosis in active tuberculosis (6). Our knowledge about the function of
PD-1 on myeloid cells in the context of cancer is very limited. However, similarly to its role
in infections, PD-1 expression inversely correlates with M1 polarization and phagocytic
potency of tumor-associated M® (TAM) against tumor (7, 8). The mechanisms of PD-1
expression in myeloid cells and the role of PD-1-expressing myeloid cells in tumor
immunity remain unknown.

The rapid increase in myeloid cell output in response to immunologic stress is known as
emergency myelopoiesis. Terminally differentiated myeloid cells are essential innate
immune cells and are required for the activation of adaptive immunity. Strong activation
signals mediated by pathogen-associated molecular patterns (PAMP) or danger-associated
molecular patterns (DAMP) molecules lead to a transient expansion and subsequent
differentiation of myeloid progenitors to mature monocytes and granulocytes to protect the
host. In contrast, during emergency myelopoiesis mediated by continuous low-level
stimulation mediated by cancer-derived factors and cytokines, bone marrow common
myeloid progenitors (CMP) but predominantly granulocyte/macrophage progenitors (GMP)
undergo modest expansion with hindered differentiation and a fraction of myeloid cells with
immunosuppressive and tumor-promoting properties, named myeloid-derived suppressor
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cells (MDSC), accumulates. MDSC suppress CD8* T cells responses by various
mechanisms (9). In the mouse, MDSC consist of two major subsets, CD11b*Ly6CNLy6G~
(thereafter named CD11b*Ly6C*) monocytic (M-MDSC) and CD11b*Ly6C'oLy6G*
(thereafter named CD11b*Ly6G™) polymorphonuclear (PMN-MDSC) (10). These cells have
similar morphology and phenotype to normal monocytes and neutrophils but distinct
genomic and biochemical profiles (9). In humans, in addition to M-MDSC and PMN-
MDSC, a small subset of early stage MDSC (eMDSC) has been identified (10).

Although PMN-MDSC represent the major subset of circulating MDSC, they are less
immunosuppressive than M-MDSC when assessed on per cell basis (11-13). Current views
support the two-signal requirement for MDSC function. The first signal controls MDSC
generation, whereas the second signal controls MDSC activation, depends on cues provided
by the TME and promotes MDSC differentiation to TAM (14). Proinflammatory cytokines
and ER stress response in the TME contribute to pathologic myeloid cell activation that
manifests as weak phagocytic activity, increased production of reactive oxygen species
(ROS) and nitric oxide (NO) and expression of arginase-1 (ARG1), and convert myeloid
cells to MDSC (9). MDSC are associated with poor outcomes in many cancer types in
patients and negatively correlate with response to chemotherapy, immunotherapy and cancer
vaccines (15-19).

In the present study, we examined how PD-1 regulates the response of myeloid progenitors
to cancer-driven emergency myelopoiesis and its implications on anti-tumor immunity. We
determined that myeloid progenitors, which expand during cancer-driven emergency
myelopoiesis, express PD-1 and PD-L1. PD-L1 was constitutively expressed on CMP and
GMP, whereas PD-1 expression displayed a striking increase on GMP that arose during
tumor-driven emergency myelopoiesis. PD-1 was also expressed on tumor-infiltrating
myeloid cells, including M-MDSC and PMN-MDSC, CD11b*F4/80* M® and CD11c
*MHCII* dendritic cells (DC) in tumor bearing mice, and on MDSC in patients with
refractory lymphoma. Ablation of PD-1 signaling in PD-1 KO mice prevented GMP
accumulation and MDSC generation and resulted in increase of Ly6CN effector monocytes,
M and DC. We generated mice with conditional targeting of the Pdcd1 gene (PD-17f) and
selectively eliminated PD-1 in myeloid cells or T cells. Compared to T cell-specific ablation
of PD-1, myeloid-specific PD-1 ablation more effectively decreased tumor growth in various
tumor models. At a cellular level, only myeloid-specific PD-1 ablation skewed the myeloid
cell fate commitment from MDSC to effector Ly6CNi monocytes, M® and DC and induced
Tem cells with improved functionality. Our findings reveal a previously unidentified role of
the PD-1 pathway and suggest that skewing of myeloid cell fate during emergency
myelopoiesis and differentiation to effector antigen presenting cells, thereby reprogramming
T cell responses, might be a key mechanism by which PD-1 blockade mediates anti-tumor
function.

PD-1 is expressed in myeloid cells during cancer-mediated emergency myelopoiesis.

For our studies, we selected the murine B16-F10 melanoma tumor model because it has
been informative in dissecting mechanisms of resistance to checkpoint immunotherapy (20).
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First, we examined whether B16-F10 induces tumor-driven emergency myelopoiesis
similarly to the MC17-51 fibrosarcoma, a mouse tumor model well-established to induce
cancer-driven emergency myelopoiesis (21). We assessed expansion of myeloid progenitors
in the bone marrow and increase of CD11b*CD45* myeloid cells in the spleen and tumor
(Supplementary Fig. S1 and S2). Both tumor types induced increase of myeloid progenitors
in the bone marrow and systemic increase of CD45*CD11b* myeloid cells (Supplementary
Fig. S3), providing evidence that B16-F10 melanoma is an appropriate tumor model to study
tumor-driven emergency myelopoiesis and its consequences in tumor immunity. In the
spleen of non tumor-bearing mice, few myeloid cells constitutively expressed very low
levels of PD-L1 whereas PD-1 was very low to undetectable (Fig. 1A, B). In B16-F10
tumor-bearing mice, expression of PD-1 and PD-L1 was upregulated on myeloid cells of the
spleen (Fig. 1C-F). PD-1 and PD-L1 were also expressed on myeloid cells at the tumor site
(Fig. 1G-I). Notably, all subsets of myeloid cells expanding in tumor-bearing mice including
M-MDSC, PMN-MDSC, CD11b*F4/80* M® and CD11c*MHCII* DC, expressed PD-1
(Fig. 1D, G). Kinetics studies of PD-1 expression on myeloid cells in the spleen of tumor-
bearing mice showed a gradual increase overtime (Fig.1 J-M).

Because myeloid cells that give rise to MDSC and TAM are generated from myeloid
progenitors in the bone marrow during tumor-driven emergency myelopoiesis, we examined
PD-1 and PD-L1 expression in these myeloid progenitors. In non-tumor bearing mice, PD-1
was detected at very low levels on GMP (Fig. 2A) whereas PD-L1 was constitutively
expressed in CMP but mostly on GMP (Fig. 2B). In tumor-bearing mice, PD-L1 was
upregulated in CMP and GMP and its expression levels remained elevated during all
assessed time points (Fig. 2F-J). Strikingly, PD-1 expression was induced on CMP but more
prominently GMP (Fig. 2C-I). Kinetics studies showed that PD-1 expression on GMP
peaked early after tumor inoculation (Fig. 2C, E, 1), at a time point when tumor growth was
not yet measurable. Thus, induction of PD-1 expression in myeloid progenitors is an early
event during tumor development.

To determine whether PD-1 expression on GMP was mediated by growth factors regulating
emergency myelopoiesis, we cultured bone marrow cells from non-tumor bearing mice with
G-CSF, GM-CSF and the TLR4 ligand LPS. PD-1 that was constitutively expressed at low
levels in GMP, was upregulated by culture with each of these factors (Supplementary Fig.
S4A), consistent with our findings that PD-1 expression was rapidly induced on GMP of
tumor bearing mice /n vivo (Fig. 2C, E, 1). Quantitative PCR in purified Lin"®® bone marrow
cells showed that PD-1 mRNA was constitutively expressed in myeloid progenitors and was
upregulated by culture with G-CSF or GM-CSF (Supplementary Fig. S4B). Together these
in vivoand in vitro studies provide evidence that PD-1 expression on myeloid progenitors is
regulated by a direct cell-intrinsic effect of factors driving cancer-mediated emergency
myelopoiesis.

To examine weather PD-1 was expressed in MDSC in humans, we used samples from
healthy donors and patients with malignant non-Hodgkin’s lymphoma (NHL)
(Supplementary Fig. S5 and Fig. S6). A high level of PD-1-expressing M-MDSC was
detected in the peripheral blood of three patients with treatment-refractory NHL but not in
two patients who responded to treatment or five healthy donors (Supplementary Fig. S6).

Sci Immunol. Author manuscript; available in PMC 2020 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strauss et al. Page 5

These results show that PD-1 expression is detected in human MDSC and serve as a
paradigm suggesting that PD-1 expression in MDSC of cancer patients might be a clinically
relevant event.

PD-1 ablation alters emergency myelopoiesis and the profile of myeloid cell output.

To examine whether PD-1 might have an active role in tumor-induced stress myelopoiesis,
we used PD-1 deficient (PD-17~) mice. PD-1 deletion, which resulted in decreased tumor
growth (Fig. 3A, B), significantly altered tumor-induced stress myelopoiesis (Fig. 3C-E).
Although accumulation of CMP was comparable, accumulation of GMP was significantly
diminished in PD-17/~ mice (Fig. 3C, D), indicating that GMP might be a key target on
which PD-1 mediated its effects on myeloid progenitors (Fig. 3E). Kinetics studies showed
sustained GMP expansion in WT tumor-bearing mice. In contrast, in PD-1~/~ tumor-bearing
mice, GMP displayed a rapid expansion and subsequent decline (Supplementary Fig. S7). In
parallel, in PD-17/~ mice there was an increase of differentiated CD11b*Ly6C" monocytic
cells in the tumor (Fig. 3H) but also in the spleen and the small intestine, which also
displayed an increase in CD11¢*MHCII* DC (Fig. 3F and G). Moreover, at these sites, there
was a significant increase of the CD11b*Ly6C*/CD11b*Ly6G™ ratio (Fig. 31-K) indicating
a shift of myelopoiesis output toward monocytic lineage dominance. Notably, these Ly6CNi
monocytes, CD11b*F4/80* M® and CD11c¢*MHCII* DC in PD-17/~ tumor-bearing mice
expressed IRF8, and all myeloid subsets had elevated expression of the retinoic acid
receptor-related orphan receptor gamma (RORC or RORy) (Fig. 3L-N and Supplementary
Fig. S8). Similar results were observed in two additional tumor models, the MC38 colon
adenocarcinoma and the MC17-51 fibrosarcoma model (Supplementary Fig. S9) both of
which induced cancer-driven emergency myelopoiesis (Supplementary Fig. S3).

IRF8 regulates myeloid cell fate to monocyte/macrophage and DC differentiation vs.
granulocyte differentiation (22, 23), explaining the increase of CD11b*Ly6C*/CD11b*Ly6G
* ratio that we observed in tumor-bearing PD-1 KO mice. IRF8 is designated as one of the
“terminal selectors” that control the induction and maintenance of the terminally
differentiated state of these myeloid cells (22, 23). Moreover, IRF8 shifts the fate of myeloid
cells away from immature MDSC, which are characterized by a restriction in IRF8
expression (24, 25). Retinoid related orphan nuclear receptors are required for myelopoiesis
and are mediators of the inflammatory response of effector Ly6C" monocytes and
macrophages (21, 26) but can also be expressed by MDSC (21). For these reasons, we
examined the functional properties of CD11b*Ly6C* cells in PD-17/~ tumor bearing mice. A
key mechanism by which CD11b*Ly6C* M-MDSC mediate suppression of T cell responses
involves the production of nitric oxide (NO) (27). We assessed the immunosuppressive
function and found diminished NO production and diminished suppressor capacity of
CD11b*Ly6C* myeloid cells isolated from tumor-bearing PD-1~/~ mice compared to their
counterparts isolated from tumor-bearing WT control mice (Fig. 30-P). Thus, PD-1 ablation
switches the fate and function of myeloid cells away from immunosuppressive MDSC and
promotes the generation of differentiated monocytes, M® and DC. Importantly, the
expansion of CD11b*Ly6C monocytes, the increase of the CD11b*Ly6C*/CD11b*Ly6G*
ratio and the upregulation of RORC in myeloid cells of the spleen of PD-17/~ mice were
already observed on day 9 after tumor inoculation, when tumors were not yet measurable,
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and on day 12, when tumors in WT and PD-17/~ mice had comparable size (Supplementary
Fig. S10). These results indicate that the effects of PD-1 ablation on the myeloid
compartment of PD-17/~ tumor-bearing mice preceded the differences in tumor growth.

To determine the potential therapeutic relevance of these findings we examined whether
changes in the myeloid compartment might be detected during treatment with PD-1 blocking
antibody. Compared to the control treatment group, mice receiving anti-PD-1 antibody
(Supplementary Fig. 11A) had diminished accumulation of GMP in the bone marrow
(Supplementary Fig. S11B), and increased expansion of Ly6C* monocytes and DC in the
tumor site (Supplementary Fig. S11D) with effector features characterized by expression of
RORC, IRF8 and IFNvy (Supplementary Fig. S11E, F, G, I). In contrast, cells expressing
IL-4Ra., a marker of MDSC (10, 28), were significantly decreased (Supplementary Fig.
11H). Thus, treatment with anti-PD-1 blocking antibody promotes the differentiation of
myeloid cells with effector features, while suppressing expansion of MDSC in tumor-
bearing mice.

Myeloid-specific PD-1 ablation is the key driver of anti-tumor immunity.

To determine if these changes on myeloid cell fate in PD-17/~ mice were mediated by
myeloid cell-intrinsic effects of PD-1 ablation or by the effects of PD-1"¢9 T cells on
myeloid cells, we generated mice with conditional targeting of Pdcal gene (PD-17f)
(Supplementary Fig. S12A) and crossed them with mice expressing Cre recombinase under
the control of the lysozyme (LysM) promoter to induce selective ablation of the Pdcd? gene
in myeloid cells (PD-1fLysMcre) or with mice expressing Cre recombinase under the control
of the CD4 promoter to induce selective ablation of the Pdcd gene in T cells (PD-1f/fCDA4cre)
(Supplementary Fig. S12B, C). In PD-1f/fLysMcre mice tumor growth was significantly
diminished (Fig. 4A and B) indicating that despite the preserved PD-1 expression in T cells,
myeloid-specific PD-1 ablation in PD-1f/fLysMcre mice was sufficient to inhibit tumor
growth. Tumor-driven emergency myelopoiesis was selectively affected in PD-1/fLysMcre
mice. Although myeloid-specific PD-1 ablation resulted in expansion of CMP, accumulation
of GMP was prevented (Fig. 4C). In contrast, no change on cancer-driven emergency
myelopoiesis was detected in PD-17fCD4cre mice, which had comparable expansion of CMP
and GMP to PD-17f control mice (Fig. 5A).

Myeloid-specific PD-1 ablation in PD-17fLysMcre mice shifted the differentiation of CD11b
*Ly6C™* and CD11b*Ly6G* myeloid subsets and increased the CD11b*Ly6C*/CD11b*Ly6G
* ratio in the spleen and tumor site as in PD-17/~ mice (Fig. 4D-F)), but also resulted in a
strikingly different immunological profile of CD11b*Ly6C* monocytic myeloid cells
consistent with effector myeloid function as indicated by the expression of effector myeloid
cell markers including CD80, CD86, CD16/32 (FcRII/II) and CD88 (C5aR) (Fig. 4G).
Consistent with the improved function of myeloid cells, PD-1f/fLysMcre mice also had higher
levels of IFNy-expressing CD11b*Ly6C" monocytes and CD11b*F4/80* macrophages
(Fig. 4G and Supplementary Fig. S13A, B) and increase of IRF8* and RORC* CD11b
*Ly6CNi monocytes (Supplementary Fig. S13C, D). In contrast, cells expressing IL-4Ra,
CD206, and ARG1, which are markers of MDSC, immunosuppressive neutrophils and
tolerogenic DC (29-33) were diminished (Fig. 4H, I). Thus, myeloid-intrinsic PD-1 ablation
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skews the fate of myeloid cells away from immunosuppressive MDSC, promotes the
differentiation of functional effector monocytes, macrophages, and DC, and has a decisive
role in systemic anti-tumor immunity despite PD-1 expression in T cells.

We studied anti-tumor responses in mice with T cell-specific PD-1 ablation and found that
PD-1f/fCD4cre mice had diminished anti-tumor protection (Fig. 5B, C). Consistent with the
causative role of myeloid cell-specific PD-1 targeting in the differentiation and function of
myeloid cells, T cell-specific PD-1 ablation did not induce expansion of CD11b*CD45*
leukocytes, CD11b*F4/80* macrophages and CD11¢*MHCII* DC, increase of CD11b
*Ly6C*/CD11b*Ly6G™ ratio (Fig. 5D, E) or immunological features of functional effector
myeloid cells (Fig. 5F) in PD-17/fCD4cre tymor-bearing mice, compared to control tumor-
bearing mice. Moreover, despite PD-1 ablation, tumor-bearing PD-17fCDA4cre mice did not
have quantitative differences in tumor infiltrating Tg) cells compared to control tumor-
bearing mice (Fig. 5G) or features of enhanced effector function as determined by
assessment of cytokine producing cells (Fig. 5SH-M).

Similar outcomes to those observed with B16-F10 tumor in the differentiation of myeloid
cells toward myeloid effectors vs. MDSC were obtained when PD-17/fLysMCre and pp-
f/iCDACre mijce were inoculated with MC38 colon adenocarcinoma cells (Fig. 6B-1).
Moreover, PD-1f/fLysMcre byt not PD-1f CDAcre mice inoculated with MC38 had functional
differences in tumor infiltrating Tgp and Ty cells compared to control tumor-bearing mice
(Fig. 6J-L). Notably, in the context of this highly immunogenic tumor, PD-1 ablation in
myeloid cells resulted in complete tumor eradication, whereas mice with PD-1 ablation in T
cells showed progressive tumor growth (Fig. 6A). Together these results suggest that by
preventing the differentiation of effector myeloid cells and promoting generation of MDSC,
myeloid-specific PD-1 expression has a decisive role on T cell function. Thus, although
PD-1 is an inhibitor of T cell responses (2, 34, 35), ablation of PD-1 signaling in myeloid
cells is an indispensable requirement for induction of systemic anti-tumor immunity /n vivo.

To further investigate the direct effects of PD-1 on myeloid cell fate in the absence of T
cells, we used RAG2 KO mice (lacking mature T cells and B cells). Treatment of RAG2 KO
tumor-bearing mice with anti-PD-1 blocking antibody resulted in decreased accumulation of
GMP during tumor-driven emergency myelopoiesis (Supplementary Fig. S14A), myeloid
cell expansion in the spleen and tumor site (Supplementary Fig. S14B, C), and enhanced
generation of effector myeloid cells (Supplementary Fig. S14D-G ), providing evidence that
blockade of PD-1-mediated signals skews myeloid lineage fate to myeloid effector cells in a
myeloid cell-intrinsic and T cell-independent manner. In RAG2 KO mice treated with anti-
PD-1 antibody, despite the absence of T cells, a decrease of tumor growth was also observed
(Supplementary Fig. S14H-1), suggesting that ablation of PD-1 signaling promotes myeloid-
specific mechanisms that induce tumor suppression, one of which might involve increased
phagocytosis (8).

PD-1 ablation alters the signaling responses of myeloid cells to factors of emergency
myelopoiesis.

To understand mechanisms that might be responsible for the significant differences of
myeloid cell fate commitment induced by myeloid-specific PD-1 targeting, we examined
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whether PD-1 deficient bone marrow myeloid progenitors might have distinct signaling
responses to the key hematopoietic growth factors that mediate cancer-driven emergency
myelopoiesis, which also induced PD-1 expression in GMP during /n vitro culture. To avoid
any potential impact of bone marrow-residing PD-17/~ T cells or mature myeloid cells on the
signaling responses of myeloid progenitors we used Lin"®¥ bone marrow from
PD-1f/flLysMcre mice hacayse LysM-cre is expressed in CMP and GMP (36) allowing us to
take advantage of the selective deletion of PD-1 in these myeloid progenitors. PD-1 deficient
GMP (Supplementary Fig. S15) had enhanced activation of Erk1/2, mTORC1, and STAT1 in
response to G-CSF, a main mediator of emergency myelopoiesis (37, 38). These results are
striking because each of these signaling targets has a decisive role in the differentiation and
maturation of myeloid cells while preventing the generation of immature
immunosuppressive MDSC (39-42). These findings indicate that PD-1 might affect the
differentiation of myeloid cells by regulating the fine tuning of signaling responses of
myeloid progenitors to hematopoietic growth factors that induce myeloid cell differentiation
and lineage fate determination during emergency myelopoiesis.

PD-1 ablation alters the metabolic program of myeloid progenitors and activates
cholesterol synthesis.

Metabolism has a decisive role in the fate of hematopoietic and myeloid precursors.
Stemness and pluripotency are regulated by maintenance of glycolysis (43). Switch from
glycolysis to mitochondrial metabolism and activation of oxidative phosphorylation
(OXPHOS) and TCA cycle are associated with differentiation (44). This is initiated by
glycolysis-mediated mitochondrial biogenesis and epigenetic regulation of gene expression
(43). The structural remodeling of the mitochondrial architecture during differentiation is
characterized by increased replication of mitochondrial DNA to support production of TCA
cycle enzymes and electron transport chain subunits, linking mitochondrial metabolism to
differentiation (45).

We examined whether PD-1 ablation, which promoted the differentiation of myeloid cells in
response to tumor-mediated emergency myelopoiesis, might affect the metabolic properties
of myeloid precursors. Lin"® bone marrow myeloid precursors were cultured with the
cytokines G-CSF/GM-CSF/IL-6 that drive tumor-mediated emergency myelopoiesis in
cocktail (Fig. 7A, B) or individually (Fig. 7C, D). HSC differentiation was documented by
decrease of Lin"®9, which was more prominent in the cultures of PD-1 deficient bone
marrow cells, and coincided with increase of CD45*CD11b* cells (Fig. 7A, B). Ly6C*
monocytic cells dominated in the PD-1f/fLysMcre cyltures whereas Ly6G™* granulocytes were
decreasing compared to PD-17f control cultures (Fig. 7C, D) providing evidence for a cell-
intrinsic mechanism of PD-1 deficient myeloid precursors for monocytic lineage
commitment. Glucose uptake, but more prominently mitochondrial biogenesis, were
elevated in PD-1 deficient CMP and GMP (Fig. 7E, F). Bioenergetics studies showed that
PD-1 deficient cells developed robust mitochondrial activity (Fig. 7G) and increase of OCR/
ECAR ratio during culture (Fig. 7H), indicating that mitochondrial metabolism
progressively dominated over glycolysis. This bioenergetic profile is consistent with
metabolism-driven enhanced differentiation of hematopoietic and myeloid precursors (45,
46).

Sci Immunol. Author manuscript; available in PMC 2020 July 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Strauss et al.

Page 9

We performed unbiased global metabolite analysis to determine whether PD-1 deficient
myeloid precursors developed a distinct metabolic program. Compared to control, PD-1
deficient cells had elevated metabolic intermediates of glycolysis and pentose phosphate
pathway (PPP), acetyl-coA, and the TCA cycle metabolites citrate and a-ketoglutarate, but
the most prominent difference was the elevated cholesterol (Fig. 71, Supplementary Fig. S16,
Supplementary Fig. S17 and Table S1). Abundant cytosolic acetyl-coA can be utilized for
fatty acid and cholesterol biosynthesis (Supplementary Fig. S17) (43). Moreover, nTORC1
activates de novo cholesterol synthesis via SREBP1, which regulates transcription of
enzymes involved in cholesterol synthesis (47, 48). Because acetyl-coA was elevated (Fig.
71 and Supplementary Fig. S17) and mTORC1 activation was enhanced in PD-1 deficient
myeloid progenitors in response to growth factors driving emergency myelopoiesis
(Supplementary Fig. S15), we examined whether activation of the mevalonate pathway that
induces cholesterol synthesis (Supplementary Fig. S18A) might be involved. In PD-1
deficient myeloid progenitors cultured with growth factors of emergency myelopoiesis,
MRNA of genes regulating cholesterol synthesis and uptake was increased, mRNA of genes
promoting cholesterol metabolism was decreased (Fig. 7J, and Supplementary Fig. S18B),
whereas cellular cholesterol and neutral lipid content was elevated (Fig. 7TK—M). PD-1-
deficient DC, differentiated /n vitro in the presence of B16-F10 tumor supernatant, also had
a significant increase of cholesterol and neutral lipids compared to similarly differentiated
DC from control mice (Fig. 7N). Consistent with these /n vitro findings, glucose uptake and
content of cholesterol and neutral lipids were elevated in GMP of tumor-bearing PD-1 KO
mice compared to control mice at day 7 or day 9 after tumor inoculation, respectively, when
tumors were not yet detectable or tumors in WT and PD1 mice had equal size
(Supplementary Fig. S19). Thus, features associated with metabolism-driven differentiation
of myeloid progenitors are enhanced early in tumor-bearing PD-1 KO mice.

In addition to cholesterol synthesis, mevalonate also leads to the synthesis of isoprenoids,
including geranylgeranyl pyrophosphate (GGPP) (Supplementary Fig. S17), which is
required for protein geranylgeranylation catalyzed by geranylgeranyltransferase (GGTase)
and has an active role in the upregulation of RORC expression (49). Our metabolite analysis
showed increased GGPP (Fig. 71), providing a mechanistic explanation for the upregulation
of RORC in PD-1-deficient myeloid cells. Cholesterol accumulation is associated with
skewing of hematopoiesis toward myeloid lineage and monocytosis, induces a
proinflammatory program in monocytes/macrophages and DC, and amplifies TLR signaling
(50-52). Together these results unravel a previously unidentified role of PD-1 targeting in
regulating myeloid lineage fate commitment and proinflammatory differentiation of
monocytes, macrophages, and DC during tumor-driven emergency myelopoiesis, through
metabolic reprogramming.

Myeloid-specific PD-1 ablation induces improved T cell functionality.

Previously, it was determined that monocyte/macrophage terminal differentiation is
controlled by the combined actions of retinoid receptors and the nuclear receptor PPARy,
which is regulated by cholesterol and promotes gene expression and lipid metabolic
processes, leading to terminal macrophage differentiation (26, 53). Because our in vitro
studies showed that PD-1 deficient myeloid progenitors developed a distinct metabolic
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program with elevated cholesterol metabolism, we examined whether PD-1 ablation might
alter expression of PPARy in addition to RORC. We found that expression of PPAR-y was
elevated in CD11b*Ly6C* monocytic cells and M® isolated from tumors of PD-17/~ and
PD-1f/flysMcre mjce (Fig. 8A, B, C). Since PD-1 deficient myeloid progenitors developed
robust mitochondrial activity during culture /n vitro (Fig. 7G, H), and PPARY is involved in
mitochondrial function (53), we examined whether myeloid cells in tumor-bearing mice
have improved mitochondrial metabolism, a feature that has an important role in supporting
anti-tumor function of other immune cells (54). Monocytes, M®, and DC isolated from
tumor of PD-17/~ and PD-1f/fLysMcre mice had increased mitochondrial membrane potential,
compared to myeloid cells from control tumor-bearing mice, consistent with enhanced
mitochondrial metabolism (Fig. 8D-G).

We investigated whether these significant immunometabolic changes of myeloid cells,
induced by myeloid-specific PD-1 targeting, affected immunological properties of T cells
that have key roles in their anti-tumor function. Compared to control PD-1"f tumor-bearing
mice, PD-1fLysMcre tymor-bearing mice had no quantitative differences in CD4* or CD8*
Tem and central memory (Tcp) cells (Supplementary Fig. S20A) but had significant
functional differences. There was an increase of IFNvy-, IL-17-, and 1L-10-producing CD8*
Tem cells and 1L-2-producing CD8* T cells (Fig. 8H-J). ICOS and LAG3 were elevated
in T cells from PD-17/fLysMcre yymor-bearing mice but CTLA4, Tim3, CD160 and PD-1/PD-
L1 were comparable in T cells from PD-17f and PD-1/fLysMcre tymor-bearing mice (Fig.
8K—-M and Supplementary Fig. S20B). These findings are significant because IL-17
producing Th17/Tc17 cells have enhanced anti-tumor function and mediate durable tumor
growth inhibition (55). Moreover, T cells with a “hybrid” phenotype producing both IFN-y
and IL-17 might have superior anti-tumor properties by combining the enhanced effector
function of Th1/Tc1 and the longevity and stemness of Th17/Tc17 cells (56). Indeed, in our
studies these properties of Tgp cells correlated with improved anti-tumor function in
pD-1f/fLysMcre mice.

To examine experimentally whether PD-1 deficient myeloid cells differentiated in tumor-
bearing mice /in vivo have improved capacity of inducing antigen-specific T cell responses,
we assessed responses of the same primary CD4* or CD8" T cells to antigen-loaded DCs
isolated from PD-17/~ or control mice bearing B16-F10 tumors (Supplementary Fig. S21A).
DCs isolated from the spleen of tumor-bearing WT and PD-17/~ mice were pulsed with
ovalbumin and co-cultured with ovalbumin-specific CD4* or CD8* T cells from OT1 or
OTIl TCR-transgenic mice. DCs from tumor-bearing PD-1~/~ mice had superior ability to
induce OTl and OTII T cell proliferation and IFN-y expression (Supplementary Fig. S21B,
C).

Together our data provide evidence that myeloid cell-intrinsic PD-1 ablation induces potent
anti-tumor immunity by decreasing accumulation of MDSC and promoting proinflammatory
and effector monocytic/macrophage and DC differentiation, thereby leading to enhanced
effector T cell responses.
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Discussion

Our present studies reveal a previously unidentified role of the PD-1 pathway in regulating
lineage fate commitment and function of myeloid cells that arise from tumor-driven
emergency myelopoiesis. These outcomes are mediated by myeloid-intrinsic effects of PD-1
ablation leading to altered signaling and metabolic reprogramming of myeloid progenitors
characterized by enhanced differentiation and elevated cholesterol synthesis. Consequently,
the accumulation of immature immunosuppressive and tumor promoting MDSC is
diminished and the output of differentiated, inflammatory effector monocytes, M®, and DC
is enhanced. These immunometabolic changes of myeloid cells promote differentiation of
Tem cells and systemic anti-tumor immunity in vivo, in spite of preserved PD-1 expression
in T cells.

We found that PD-1 deficient myeloid progenitors had enhanced activation of Erk1/2 and
mTORCL1 in response to G-CSF. These results indicate that Erk1/2 and mTORC1, a
downstream mediator of PI3K/AKkt signaling, which are major targets of PD-1 in T cells (2),
are subjected to PD-1-mediated inhibition in myeloid cells. These results are revealing
because Erk1/2 phosphorylation subverts MDSC-mediated suppression by inducing M-
MDSCs differentiation to APC (39). Erk and PI3K regulate glycolysis in response to G-CSF
(57). PIBK/Akt/mTORC1 signaling is critical in myeloid lineage commitment. Expression of
constitutively active Akt in CD34* cells induces enhanced monocyte and neutrophil
development whereas a dominant negative Akt has the opposite effect (58). mTORCL is
necessary for the transition of hematopoietic cells from a quiescent state to a prepared
“alert” state in response to injury-induced systemic signals (59), for G-CSF-mediated
differentiation of myeloid progenitors (40), and for M-CSF-mediated monocyte/macrophage
generation (41). mTORC1 stimulates translation initiation through phosphorylation of 4E-
BP and ribosomal S6 kinases and has a decisive role in the expression of glucose
transporters and enzymes of glycolysis and PPP (47). Consistent with these, our studies
showed that PD-1-deficient myeloid progenitors had elevated expression of glycolysis and
PPP intermediates after culture with emergency cytokines /7 vitro and enhanced monocytic
differentiation in tumor-bearing mice /n vivo. Together our findings indicate that PD-1 might
affect the differentiation of myeloid cells by regulating the fine tuning of signaling responses
of myeloid progenitors to hematopoietic growth factors that induce myeloid cell
differentiation and lineage fate determination during emergency myelopoiesis. Further
studies will identify how receptor-proximal signaling events mediated by hematopoietic
growth factors are targeted by PD-1 in a manner comparable to PD-1-mediated targeting of
signaling pathways in T cells (2, 34, 35).

Our metabolite analysis showed that a striking difference of PD-1 deficient myeloid
progenitors was the increased expression of mevalonate metabolism enzymes and the
elevated cholesterol. Notably, mMTORC1 activates SREBP1, which induces transcription of
enzymes involved in fatty acid and cholesterol synthesis (48) thereby leading to glycolysis-
regulated activation of the mevalonate pathway. Our signaling studies showing enhanced
mTORC1 activation and our metabolic studies showing enhanced mitochondrial metabolism
and increased cholesterol content in PD-1 deficient myeloid cells, provide a mechanistic link
between the altered differentiation of PD-1 deficient myeloid progenitors and the altered
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immunophenotypic and functional program of PD-1 deficient monocytes, M® and DC in
tumor bearing mice. Cholesterol drives myeloid cell expansion and differentiation of
macrophages and DC (50, 51, 60) and promotes antigen presenting function (61). These
properties are consistent with the metabolic profile and the increased cholesterol of PD-1-
deficient myeloid progenitors, the inflammatory and effector features of differentiated
monocytes, M® and DC, and the enhanced T effector cell activation in tumor-bearing mice
with myeloid-specific PD-1 ablation that we identified in our studies. By such mechanism,
PD-1 might centrally regulate anti-tumor immunity, independently of the expression of PD-1
and its ligands in the tumor microenvironment. Notably, our studies showed that PD-1
expression on myeloid progenitors is an early event during tumor-mediated emergency
myelopoiesis, and indicate that PD-1 blockade at early stages of cancer might have a
decisive effect on anti-tumor immunity by preventing MDSC generation from myeloid
progenitors and inducing the systemic output of effector myeloid cells that drive anti-tumor
T cell responses.

In addition to its expression in myeloid progenitors in the bone marrow, we found that PD-1
is expressed in all myeloid subsets including M-MDSC, PMN-MDSC, CD11b*F4/80* M®
and CD11c*MHCII* DC, in the tumor and the spleen of tumor bearing mice, albeit at
different levels. This difference might be related to gradient of tumor-derived factors
responsible for PD-1 induction, such as G-CSF and GM-CSF that we found to induce PD-1
transcription in myeloid progenitors. This possibility would be consistent with the gradual
upregulation of PD-1 expression in splenic myeloid cells, determined by our kinetics studies,
which correlates with tumor growth that might be responsible for the increase of systemic
levels of tumor-derived soluble factors that induce PD-1. Other cues of the tumor
microenvironment known to mediate the activation step of MDSC (14) might also be
responsible for the induction of higher PD-1 expression level in the tumor vs. the splenic
myeloid cells. Our findings unravel a previously unidentified role of PD-1 in myeloid cell
fate commitment during emergency myelopoiesis, a process that is involved not only in anti-
tumor immunity but also in the control of pathogen-induced innate immune responses and
sterile inflammation (62).

An additional important finding of our studies is that the nuclear receptors RORC and
PPARYy are upregulated in myeloid cells by PD-1 ablation. RORs were initially considered
retinoic acid receptors, but were subsequently identified as sterol ligands. RORC not only is
induced by sterols and isoprenoid intermediates (49) but also serves as the high affinity
receptor of the cholesterol precursor desmosterol (63, 64), a metabolic intermediate of
cholesterol synthesis via the mevalonate pathway that regulates inflammatory responses of
myeloid cells (52, 60). Desmosterol, as well as sterol sulfates, function as endogenous
RORC agonists and induce expression of RORC target genes (63, 64). Our studies showed
that, in addition to cholesterol, the mevalonate metabolism product GGPP that has an active
role in the upregulation of RORC expression (49) was elevated in PD-1-deficient myeloid
cells providing a mechanistic basis for our finding of the elevated RORC expression.
Retinoid receptors and PPAR-y together regulate monocyte/macrophage terminal
differentiation (26). Although initially thought to be involved in proinflammatory
macrophage differentiation, it was subsequently understood that PPARy predominantly
promotes macrophage-mediated resolution of inflammation by inducing expression of the
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nuclear receptor LXR and the scavenger receptor CD36, thereby regulating tissue
remodeling (65). PPARy also regulates macrophage-mediated tissue remodeling by
efferocytosis and production of pro-resolving cytokines (66), which can suppress cancer
growth (67). The combined actions of RORC and PPARy induced by myeloid-specific PD-1
ablation might be involved in the anti-tumor function by promoting both proinflammatory
and tissue remodeling properties of myeloid cells. Future studies will dissect the specific
role of each of these nuclear receptors on the anti-tumor immunity induced by myeloid cell-
specific ablation of PD-1.

In conclusion, our results provide multiple levels of evidence that myeloid-specific PD-1
targeting mediates myeloid cell-intrinsic effects, which have a decisive role on systemic anti-
tumor responses. This might be a key mechanism by which PD-1 blockade induces anti-
tumor function. Recapitulating this immunometabolic program of myeloid cells will
improve the outcome of cancer immunotherapy.

Materials and Methods

Animals

All procedures were in accordance with National Institutes of Health Guidelines for the Care
and Use of Animals and approved by the Institutional Animal Care and Use Committee
(IACUC) at Beth Israel Deaconess Medical Center (Boston MA). C57BL/6 Wild-type (WT)
mice were purchased from Charles River (Franklin, MA). PD-1-/- mice were kindly
provided by Dr. Tasuku Honjo, Kyoto University, Japan. PD-1-/- mice (B6.Cg-
Pdcd1tm1.15hnJ) were also purchased from The Jackson Laboratory (Bar Harbor, Maine).
All the studies requiring the use of PD-1-/- mice were performed with both PD-1-deficient
strains and resulted in similar outcomes. Pdcdl flox/flox (PD-1f/f) mice on a C57BL/6
background were generated by Ozgene (Australia) using goGermline technology. Briefly, a
targeting vector was prepared containing LoxP sites in introns 1 and 3, closely flanking
exons 2 and 3 respectively, of the Pdcdl (Supplementary Fig. S12A). The genomic 5’ and 3’
arms of homology and the Floxed genomic region were generated by PCR amplification of
C57BL/6 genomic DNA. An Frt-PGK-NeoR-Frt selection cassette was placed immediately
5’ of the LoxP site in intron 3. Homologous recombination of the targeting vector was
carried out by electroporation of ES cells and clones were selected for neomycin resistance.
Correctly targeted ES clones were identified by Southern blot RFLP analysis and
microinjected into goGermline blastocysts to generate germline chimeras. Following
germline transmission, the FRT-PGK-NeoR-FRT cassette was deleted by mating to a
transgenic line containing FLP recombinase. The Flp gene was removed by segregation in
subsequent crosses. PD-1f/f mice were mated with LysMcre mice (B6.129P2-
Lyz2tm1(cre)lfol)) or CD4cre mice (B6.Cg-Tg(Cd4-cre)1Cwi/Bflud), obtained from The
Jackson Laboratory. Selective ablation of PD-1 protein expression in T cells vs. myeloid
cells in each strain was confirmed by flow cytometry (Supplementary Fig. S12B, C). Rag2
deficient mice (B6(Cq)-Rag2tm1.1Cgnll), OTI TCR transgenic mice (C57BL/6-
Tg(TcraTerb)1100Mjb/J) and OTII TCR transgenic mice (B6.Cg-Tg(TcraTcrb)425Cbn/J)
were purchased from Jackson Laboratory (Bar Harbor, Maine).
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Tumor cell lines and tumor experiments

MC17-51 and B16-F10 cell lines were purchased from ATCC. B16-F10 cell line was
subcloned and subclones with intermediate growth rate were selected for use. MC38 cell line
was purchased from Kerafast. For tumor implantation, 105 murine fibrosarcoma (MC17-51)
were injected intramuscularly in the left hind limb whereas 2.5x105 murine colon carcinoma
(MC38) or 5x105 murine melanoma (B16-F10) cells were injected subcutaneously in the
left flank. Tumor growth was monitored daily with a caliper fitted with a \ernier scale,
starting from day 9. Tumor volume was calculated based on 3 perpendicular measurements.
At day 15 -16 for F10-B16 tumors, at day 12-14 for MC17-51 tumors and at day 15-21 for
MC38 after tumor inoculation, mice were euthanized and tumor, spleen, small intestine and
bone marrow were harvested. 8-12 weeks old male mice were used for MC17-51
inoculations and 8-12 weeks old male or female mice for MC38 and B16-F10 inoculations.
For studies at various time points after tumor implantation, a large cohort of mice of each
strain was used for simultaneous tumor inoculation, and at the indicated times, equal number
of mice were euthanized and assessment of the indicated endpoints was performed. For
treatment with anti-PD-1 blocking antibody, 250 pg of either anti- PD-1 (clone RMP1-14,
BioXCell) or IgG2a control (clone 2A3, BioXCell) diluted in sterile PBS were administered
intraperitoneally in a volume of 100 pl per dose on days 9, 12 and 15 after tumor
inoculation.

Statistics

Statistical significance for comparison between two groups was determined by two-tailed
Student’s t test or Mann-Whitney U test. Statistical significance for comparison among three
or more groups was determined by ANOVA. (*p value < 0.05; **p value < 0.01; ***p value
< 0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: PD-1 and PD-L 1 are expressed on myeloid cellsthat expand in tumor-bearing mice.
(A-B) Expression of PD-1 and PD-L1 on CD11b*Ly6C* monocytes and CD11c*MHCII*

DC in the spleen of non-tumor bearing C57BL/6 mice. (C) C57BL/6 mice were inoculated
with B16-F10 mouse melanoma and at the indicated time points, expression of PD-1 was
examined by flow cytometry in the spleen after gating on the indicated myeloid populations;
contour plots depicting % positive cells are shown. On day 16 after tumor inoculation,
expression of PD-1 and PD-L1 was assessed in the spleen (D) and the tumor site (G) after
gating on the indicated myeloid populations. (D, G) FACS histograms and contour plots
depicting % positive cells, and bar graphs (E, F, H, I) of mean £ SEM positive cells. Results
are representative of 12 independent experiments with 6 mice per group. (J-M) Kinetics of
PD-1 upregulation on CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80* and CD11c*MHCII*
of the spleen after tumor inoculation.
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Figure 2: PD-1 and PD-L 1 isexpressed on CMP and GMP myeloid progenitors during cancer-

driven emergency myelopoiesis.

(A-B) Expression of PD-1 and PD-L1 on CMP and GMP of non-tumor bearing mice. (C-J)
C57BL/6 mice were inoculated with B16-F10 mouse melanoma and expression of PD-1 and
PD-L1 on CMP and GMP was examined on days 9, 12, 14 and 16 after implantation. FACS
histograms (C, F), contour plots (D, E, G, H) indicating % positive cells and bar graphs of
mean + SEM positive cells (I, J) are shown. Results are representative of 4 independent
experiments with 6 mice per group. (K, L) Kinetics of PD-1 (K) and PD-L1 (L) expression
on CMP (blue) and GMP (orange) during tumor-driven emergency myelopoiesis. Results are
representative of four separate experiments with 6 mice per group.
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Figure 3. PD-1 ablation alters emergency myelopoiesis and the profile of myeloid cell output.
(A, B) WT and PD-17/~ mice were inoculated with B16-F10 melanoma and tumor size was

monitored daily (A). Mice were euthanized on day 16 and tumor weight was measured (B).
Data shown are the mean + SEM of 6 mice/group and are representative of six independent
experiments. (C) Mean percentages + SEM of LK, LSK, CMP and GMP in the bone marrow
of non tumor-bearing and tumor-bearing WT and PD-1~/~ mice. GMP in PD-17/~ mice were
significantly lower compared to GMP in WT mice (** p< 0.01). (D) Representative contour
plots of FACS analysis for CMP and GMP in the bone marrow of tumor-bearing WT and
PD-17" mice. (E) Schematic presentation of myeloid lineage differentiation. Arrowhead
indicates GMP, the key target population of PD-1 during emergency myelopoiesis. (F-H)
Mean percentages of CD45*CD11b*, CD11b*Ly6C*, CD11b*Ly6G* and CD11c*MHCII*
in the spleen (F), small intestine (G), and B16-F10 site (H) of tumor-bearing WT and
PD-17"~ mice. (I-K) Representative plots of FACS analysis for CD11b*Ly6C" and CD11b
*Ly6C*/ CD11b*Ly6G™ ratio in the spleen (1), small intestine (J) and B16-F10 site (K). (L-
N) Mean percentages + SEM of RORC and IRF8 expressing CD11b*Ly6C*, CD11b*Ly6G
*, CD11b*F4/80* and CD11c*MHCII* myeloid cells within the CD45*CD11b* gate in
spleen (L), small intestine (M), and B16-F10 site (N). Data from one representative
experiment out of three independent experiments with 6 mice per group is shown. (O-P)
Diminished suppressive activity (O) and NO production (P) of CD11b*Ly6C* cells isolated
from PD-17/~ tumor bearing mice. CD11b*Ly6C* cells were isolated from tumor-bearing
WT and PD-17/~ mice and cultured at various ratios with OTI splenocytes stimulated with
OVA57.064- Data show the mean £ SEM of one representative of two experiments (*p<0.05,
**p<0.01, ***p<0.001). HSC, hematopoietic stem cells; CMP, common myeloid progenitor;
GMP, granulocyte and macrophage progenitor.
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Figure 4. Myeloid-specific PD-1 ablation isthedriver of altered tumor-driven emergency
myelopoiesis, inflammatory myeloid cell differentiation and anti-tumor immunity.

(A, B) PD-1f, pD-1f/fLysMcre and pD-1-/~ mice were inoculated with B16-F10 melanoma
and tumor size was monitored daily (A). After mice were euthanized, tumor weight was
measured (B). (C) Mean percentages + SEM of CMP and GMP in the bone marrow of
tumor-bearing PD-17f and PD-17/fLysMcre mice (D) Mean percentages = SEM of CD11b
*CD45* cells and CD11b*Ly6C™*, CD11b*Ly6G*, CD11b*F4/80" and CD11c*MHCII*
myeloid subsets in the spleen of tumor-bearing mice. (E) Mean percentages + SEM of
CD11b*CD45*, CD11b*Ly6C* and CD11b*Ly6G™ cells and (F) representative contour
plots of FACS analysis for CD11b*CD45* and CD11b*Ly6C™ cells at the tumor site in
PD-17f pD-1fffLysMcre gnd PD-17/~ mice. (G) Mean percentages + SEM of CD16/CD32*,
CD86*, CD88* and CD80™ cells and IFN-y-expressing myeloid cell subsets within the
CD45*CD11b™* gate in B16-F10 tumors from PD-1f/f, pD-1f/fLysMcre ang pp-1-/~ mice. (H)
Mean percentages + SEM and (1) FACS histograms of IL-4Ra, CD206 and ARG1
expression in CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80* and CD11c*MHCII* myeloid
cells within the CD11b*CD45" gate in the spleen of tumor-bearing PD-1/f, pD-1f/fLysMcre
and PD-17/~ mice. Data from one representative of three independent experiments, with 6
mice per group are shown in all panels (* p< 0.05, ** p< 0.01, *** p< 0.001).
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Figure5. T cell-specific PD-1 ablation has no impact on tumor-driven emergency myelopoiesis
and profile of myeloid cell output and provides minimal protection against tumor growth.

PD-1ff and PD-1/fCDAcre mice were inoculated with B16-F10 melanoma. (A) On day 186,
mice were euthanized and bone marrow CMP and GMP were examined by flow cytometry.

Mean percentages + SEM of CMP or GMP are shown. (B-C) Tumor size was assessed evert
other day from inoculation (B). On the day of euthanasia, tumor weight was measured (C).
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(D) Mean percentages = SEM of CD11b*CD45* cells and CD11b*Ly6C* and CD11b*Ly6G
* populations within the CD11*CD45* gate in the spleen. (E) Mean percentages + SEM of
CD11b*CD45* cells and CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80" and CD11c
*MHCII* cells within the CD11b*CD45* gate in the tumor site. (F) Mean percentages +
SEM of CD16/CD32", CD86*, CD88*, CD80* and IFN-y expression in the indicated
myeloid subsets (CD11b*Ly6C*, CD11b*Ly6G*, CD11b*F4/80*, CD11c*MHCII*) within
the CD11b*CD45™ gate in the tumor site. (G-J) Mean percentages + SEM of CD4* and
CD8*Tcm and Ty (G), as well as IFNvy, 1L-2, and 1L-17 (H-J) expression in CD4* and

CD8" Tgp and Ty at the tumor site, and respective contour plots (K-M). Results from one

representative of two independent experiments with 6 mice per group are shown. (*p< 0.05,

**p< 0.

01, ***p< 0.001).
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Figure6. T cell-specific PD-1 ablation provides diminished protection against tumor growth
compared to myeloid-specific PD-1 ablation.

(A) PD-1f/f, pD-1/fCDAcre gng pp-1f/fLysMcre mjce were inoculated with MC38 colon

adenocarcinoma and tumor size was monitored daily. Mice were euthanized on day 21 and
mean percentages + SEM of CD457CD11b* cells and CD11b*Ly6C*, CD11b*Ly6G* and
CD11b*F4/80" and CD11c*MHCCII* myeloid subsets in the spleen (B), and tumor site (C)
were determined. (D) Mean percentages + SEM of RORC- and IRF8-expressing CD11b
*Ly6C*, CD11b*Ly6G*, CD11b*F/480* and CD11c*MHCII* myeloid cells, and (E) mean
percentages + SEM of Argl, IL-4Ra, CD88 and CDB80 cells within the same myeloid subsets
in the spleen. (F, G) Representative flow cytometry plots for RORC and IRF8 expression.
(H) Mean percentages + SEM and (I) representative flow cytometry plots of IFN-y and
Argl-expressing CD11b*Ly6C* and CD11b*Ly6G* myeloid cells at the tumor site. (J-L)
Mean percentages + SEM of CD4" and CD8" T and Ty cells (J) and IFN-y-expressing
CD4" and CD8™* Tgp and Ty at the tumor site (K) and respective contour plots (L). Data
from one representative of three experiments with 6 mice per group (*p< 0.05, ** p< 0.01,
*** n <0.001).
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Figure 7. Myeloid-specific PD-1 ablation reprograms myeloid cell signalling and metabolism and
induces cholesterol synthesis.

(A, B) Lin" BM from PD-17f and PD-17fLysMcre mice was cultured with GM-CSF, G-CSF
and IL-6 for the indicated time intervals. Mean percentages + SEM of CD11b*CD45* (A)
and Lin"®d cells (B) are shown. (C, D) Bone marrow cells purified as in (A, B) were cultured
with the indicated growth factors and mean percentages + SEM of CD11b*Ly6C* and
CD11b*Ly6G™ cells were examined after 48 hours of culture. (E-H) Bone marrow cells
were prepared and cultured as in (A, B) and at 48 hours of culture glucose uptake was
assessed by 2-NBDG (E) and mitochondrial biogenesis was assessed by MitoGreen staining
and flow cytometry (F). (G) At 24, 48 and 72 hrs of culture oxygen consumption rate (OCR)
and extracellular acidification rate (ECAR) were measured by Seahorse extracellular flux
analyser and mitostress responses at each time point of culture were examined. (H) OCR/
ECAR ratio was measured at these time points and the increase of OCR/ECAR ratio during
stimulation was calculated. (1) BM Lin"9 cells from PD-17f and PD-1f/fLysMcre mice were
cultured with G-CSF and GM-CSF for 48 hours and metabolite analysis was performed by
mass spectrometry. Unsupervised hierarchical clustering heat map of the top 50 metabolites
is shown. (J) At 24, 48 and 72 hours of culture with G-CSF and GM-CSF, mRNA was
extracted and analysed for the expression of the indicated genes by gPCR. Results of 48-hr
culture are shown and are presented as the fold increase over the mRNA level expressed by
PD-1f cells. Results are from one of three independent experiments. (K-M) At 24 hrs of
culture with GM-CSF, G-CSF or IL-6, content of neutral lipid droplets, including
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triglycerides and cholesterol esters, was assessed by flow cytometry using BODIPY
493/503. Mean percentages + SEM (K) of BODIPY 493/503 positive cells within the
CD11b*CD45* gate, representative contour plots (L) and histograms of FACS analysis (M)
are shown. (N) PD-17f and PD-1ffLysMcre pC \were differentiated in the presence of B16-
F10 tumor supernatant and content of neutral lipids was assessed. Mean percentage + SEM
of BODIPY 493/503 positive DC within the CD45*CD11b* gate is shown. Results are
representative of three experiments.
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Figure 8. PD-1 ablation induces enhanced mitochondrial metabolism of myeloid cellsin tumor-
bearing miceand improved T cell function.

(A-C) Expression of PPARy in myeloid cells at the B16-F10 site in PD-1f/f, pD-1f/fLysMcre
and PD-17/~ mice was examined by flow cytometry. Mean percentages + SEM (A),
representative histograms (B) and contour plots (C) of PPARy-expressing CD11b*Ly6C™,
CD11b*F4/80" and CD11c*MHCII* subsets. (D-G) Mitochondrial metabolic activity of
myeloid cells at the B16-F10 tumor site in PD-17f, pD-17/fLysMcre and pD-1-/~ mice was
examined by assessing mitochondrial membrane potential using MitoRed. MFI £ SEM of
MitoRed positive CD11b*Ly6C*, CD11b*F4/80%, and CD11c*MHCII* subsets within the
CD45*CD11b* gate (D-F) and representative plots of FACS analysis (G) are shown. (H-L)
In parallel, expression of IFN-y, IL-17A, IL-2, IL-10, RORC and ICOS in CD8" T¢p and
Tewm isolated from B16-F10-bearing PD-1f and PD-1f/fLysMcre mice was assessed by flow
cytometry. Representative histograms (H), contour plots (I, K), and mean percentages +
SEM (J, L, M) within the CD44MNCD62LN gate (for Tcp) and CD44NCD62!0 gate (for
Tewm) cells are shown. Data are from one representative of four independent experiments. (*
p< 0.05, ** p< 0.01, *** p< 0.001).
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