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Targeting PHGDH reverses the immunosuppressive phenotype
of tumor-associated macrophages through a-ketoglutarate and

mTORC1 signaling
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Phosphoglycerate dehydrogenase (PHGDH) has emerged as a crucial factor in macromolecule synthesis, neutralizing oxidative
stress, and regulating methylation reactions in cancer cells, lymphocytes, and endothelial cells. However, the role of PHGDH in
tumor-associated macrophages (TAMs) is poorly understood. Here, we found that the T helper 2 (Th2) cytokine interleukin-4 and
tumor-conditioned media upregulate the expression of PHGDH in macrophages and promote immunosuppressive M2 macrophage
activation and proliferation. Loss of PHGDH disrupts cellular metabolism and mitochondrial respiration, which are essential for
immunosuppressive macrophages. Mechanistically, PHGDH-mediated serine biosynthesis promotes a-ketoglutarate production,
which activates mTORC1 signaling and contributes to the maintenance of an M2-like macrophage phenotype in the tumor
microenvironment. Genetic ablation of PHGDH in macrophages from tumor-bearing mice results in attenuated tumor growth,
reduced TAM infiltration, a phenotypic shift of M2-like TAMs toward an M1-like phenotype, downregulated PD-L1 expression and
enhanced antitumor T-cell immunity. Our study provides a strong basis for further exploration of PHGDH as a potential target to
counteract TAM-mediated immunosuppression and hinder tumor progression.
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INTRODUCTION

Macrophages are key innate immune cells that play multiple roles
in the maintenance of tissue homeostasis and exhibit phenotypic
versatility in response to diverse tissue environments [1, 2]. The
tumor microenvironment (TME) consists of malignantly trans-
formed cells, stromal cells and infiltrating immune cells [3]. Tumor-
associated macrophages (TAMs) are among the most abundant
immune cells in the TME. These cells originate from circulating
monocytes and tissue-resident macrophages that infiltrate tumor
sites and undergo differentiation in response to multiple cytokines
and growth factors (such as CCL2, CXCL4 and CSF-1) [4]. In most
solid tumors, TAMs are regarded as overall protumorigenic factors
that favor tumor growth and metastasis by promoting immuno-
suppression, angiogenesis and resistance to drug therapy and are
generally correlated with a poor prognosis [5]. Several approaches
involving the depletion of TAMs (with anti-CSF-1 antibodies and
CSF-1R inhibition) [6, 7], the inhibition of immune checkpoints

(with anti-PD-L1 antibodies) [8] and the reprogramming of TAMs
(with agonistic anti-CD40 or inhibitory anti-CD47 antibodies)
[9, 10] have been successful. However, a significant proportion
of patients exhibit a limited response [11]. Further development of
novel agents and strategies targeting additional immune check-
points that benefit a wider range of patients is essential.

The proper activation and polarization of macrophages into
distinct subtypes, although oversimplified, including M1-like and
M2-like macrophage subsets, is crucial for their functional diversity
[12]. Inflammatory (antitumorigenic) M1-like macrophages are
commonly triggered by T helper 1 (Th1) cytokines, such as
interferon gamma (IFN-y) and tumor necrosis factor alpha (TNF-a),
which are secreted by Th1 lymphocytes or lipopolysaccharide
(LPS) from microbes. These cells secrete certain proinflammatory
cytokines, including interleukin-6 (IL-6), IL-12, IL-13 and TNF-q, and
produce inflammatory mediators, such as nitric oxide (NO) and
reactive oxygen species (ROS), to activate antitumor immunity at
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the early stages of tumor onset [13]. Conversely, immunosuppres-
sive (protumorigenic) M2-like macrophages are activated by Th2
cytokines, including IL-4, IL-13, and IL-10, which are secreted by
the dominant Th2 lymphocytes in the TME or tumor cells at later
stages, resulting in the upregulated expression of specific
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chemokines such as CCL17 and CCL22 and immunosuppressive
cytokines such as IL-10 and transforming growth factor-3 (TGF-(3)
[14]. Moreover, M2-like macrophages express high levels of certain
markers, including ARG1, FIZZ1, YM1, MGL1, MGL2, CD36 and
CD163 [15]. The changes in TAM phenotype during tumor
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Fig. 1 PHGDH deficiency suppresses IL-4-induced M2 polarization but exacerbates LPS-induced proinflammatory activation. A gPCR analysis
of Phgdh mRNA in murine wild-type (WT) BMDMs incubated with DMEM (control), IL-4 (20 ng/mL), or LPS (100 ng/mL) for 4 h (hours), 8 h and
24 h (n =3 independent experiments). B gPCR analysis of Phgdh mRNA in TAMs (CD11b"F4/80") sorted from AE17 mesothelioma cells and
BMDMs (control) from nontumor-bearing mice (n =4 biologically independent samples). C gPCR analysis of M2 markers in IL-4-induced
BMDMs treated with dimethyl sulfoxide (DMSO) or 25 pM WQ-2101 for 24 h (n = 3 independent experiments). The data are expressed as the
fold change relative to the control (DMEM-treated WT BMDM:s). D Generation of macrophage-specific Phgdh knockout mice (Phgdh™? Cx3cri-
Cre) by crossing Phgdh™? mice with mice expressing the Cre recombinase under the control of the Cx3cr1 promotor (Cx3cr1<®F) and control
mice (Phgdh™™) by crossing Phgdh™" mice with Cx3cr1™/* mice, E Western blot analysis of PHGDH protein expression in BMDMs from PHGDH-
deficient mice (Phgdh™® Cx3cri-Cre) and control mice (Phgdh™™). F qPCR analysis of M2 markers in IL-4-treated PHGDH-deficient BMDMs and
IL-4-stimulated Phgdh™" BMDMs after 4, 8 and 24h (n=3 biologically independent samples). The data are expressed as the fold change
relative to the control (DMEM-treated Phgdh™™ BMDMs). G gPCR analysis of M1 markers in LPS-stimulated PHGDH-deficient BMDMs and LPS-
stimulated Phgdh™" BMDMs after 4 h, 8h, and 24 h (n =3 biologically independent samples). The data are expressed as the fold change
relative to the control (DMEM-treated Phgdh™? BMDMs). H Schematic of serine metabolism, including de novo serine synthesis and one-
carbon units. qPCR analysis of Psat1 (1), Shmt1 (J) and Shmt2 (K) in wild-type (WT) BMDMs incubated with DMEM (control), IL-4 (20 ng/mL), or
LPS (100 ng/mL) for 4 h, 8 h or 24 h (n =3 independent experiments). Intracellular levels of serine (L) and glycine (M) in extracts of BMDMs
stimulated with IL-4 (20 ng/mL), LPS (100 ng/mL) or DMEM (control) for 4 h and 24 h (n =4 independent experiments). MS peak areas were
normalized to internal standards and corresponding pellet protein concentrations. N, O qPCR analysis of //13 (M) and Arg1 (N) in wild-type
(WT) BMDMs stimulated with LPS (100 ng/mL) or IL-4 (20 ng/mL) for 4 h in complete DMEM or in complete serine and glycine-depleted (—SG)
media (n =3 independent experiments). The data are shown as the mean + SEM. Statistical significance was calculated using a two-tailed

unpaired Student’s t test

progression reveals their crucial roles in tumor development and
highlights the potential of targeting TAM infiltration, proliferation,
and polarization as promising strategies for cancer
immunotherapy.

We previously showed that IL-4-induced M2 macrophages
activate phosphoglycerate dehydrogenase (PHGDH), which is the
first rate-limiting enzyme of the serine synthesis pathway (SSP)
and is required for their anti-inflammatory functions [16].
Furthermore, PHGDH was found to be highly expressed in TAMs
isolated from murine orthotopic lung tumors [17], and its
inhibition suppressed IL-4-stimulated M2 polarization and macro-
phage proliferation [16, 18]. These studies imply that PHGDH
could be exploited for targeting TAMs and strengthening
antitumor immunity. However, the influence of PHGDH on
macrophage polarization has not been thoroughly defined and
remains controversial. A previous study reported that LPS
stimulation upregulates Phgdh expression as well as the ensuing
one-carbon metabolism in bone marrow-derived macrophages
(BMDMs), contributing to M1 polarization [19]. In contrast, another
group found that LPS has no effect on the expression of Phgdh or
other enzymes within the SSP in vitro, but exogenous serine is
necessary for proinflammatory IL-1f production [20]. In addition,
most experiments examining the effects of PHGDH mutation on
tumor growth have utilized mouse strains lacking adaptive
immunity, and systemic administration of pharmacological drugs
concurrently affects both tumor cells and the TME. Thus,
distinguishing the specific contribution of PHGDH to TAM-
mediated effects on tumor development is challenging.

In this study, we applied genetic approaches to ablate the
Phgdh gene in macrophages and discovered that PHGDH was
necessary for the immunosuppressive activation of the Th2
cytokine IL-4. Deletion of Phgdh augmented the LPS-stimulated
inflammatory phenotype. In a syngeneic mouse model of
mesothelioma, we found that PHGDH expression was strongly
increased in TAMs and that conditional deletion of Phgdh
suppressed TAM infiltration and delayed tumor growth. Addition-
ally, our findings suggest that the PHGDH-mediated SSP plays a
crucial role in regulating the conversion of glutamate to alpha-
ketoglutarate (aKG), which is necessary for mTORC1 signaling
activation and sustains immunosuppressive M2 activation and
TAM expansion.

RESULTS

PHGDH supports macrophage immunosuppression

Gene expression changes following stimulation are highly
dynamic, and both gene repression and activation occur at
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specific time points [21]. Therefore, we stimulated BMDMs with IL-
4 or LPS for 3 different periods of time (4 h or 8 h for the early
immune response, and 24 h for the late immune response) to
investigate the temporal dynamics of gene expression changes
involved in macrophage polarization and SSP. Additionally, we
evaluated TAMs from mice bearing AE17 mesothelioma tumors
(Supplementary Fig. S1A). We found upregulated expression of the
PHGDH protein and gene in IL-4-treated macrophages (M2) at
24h (Fig. 1A and Supplementary Fig. S1B) and upregulated
expression of the Phgdh messenger RNA (mRNA) in TAMs
compared with BMDMs (Fig. 1B). In contrast, LPS stimulation (in
M1 macrophages) did not change Phgdh mRNA expression at
early time points (4h and 8h) (Fig. 1A) but did significantly
downregulate Phgdh gene expression at 24 h. Treatment with the
selective PHGDH inhibitor PKUMDL-WQ-2101 (WQ-2101) signifi-
cantly inhibited the IL-4-induced M2 markers Argl, Mgl1, Mgl2,
Ym1 and Tgfb (Fig. 1C). Notably, these effects of PHGDH inhibition
were observed in media supplemented with normal levels of
exogenous serine, suggesting that factors other than serine
production may play a crucial role in IL-4-induced M2 macrophage
polarization. To further study the intrinsic effect of PHGDH on
macrophages, we generated myeloid-specific Phgdh knockout
mice by crossing Phgdh™? mice with Cx3cr1<®* mice (Phgdh™
Cx3cr1<®*; denoted as Phgdh™" Cx3cri1-Cre) and control mice by
crossing Phgdh™® mice with Cx3cr1** mice (Phgdh™® Cx3cr1*/™;
denoted as Phgdh™%) (Fig. 1D). We confirmed the knockout of
PHGDH in macrophages by Western blot analysis of BMDMs from
Phgdh™? Cx3cr1-Cre mice compared to those from Phgdh™® mice
(Fig. 1E). We observed that the conditional deletion of Phgdh did
not affect the viability of naive macrophages (Supplementary
Fig. S1C), yet M2 polarization was significantly restrained in
PHGDH-deficient macrophages upon IL-4 stimulation over time
(Fig. 1F). In contrast, PHGDH deficiency had no effect on the
expression of the proinflammatory genes /16, ll6 and Tnfa at 4 h
or 8 h (Fig. 1G) but did upregulate //18, ll6 and Tnfa following LPS
treatment at 24 h (Fig. 1G). Thus, these results indicate that
PHGDH activity promotes an immunosuppressive M2 phenotype
in macrophages.

PHGDH is the first and rate-limiting enzyme of SSP (Fig. TH). We
next asked whether serine metabolism contributes to PHGDH-
mediated macrophage polarization. Like that of Phgdh, phospho-
serine transaminase 1 (Psat7) mRNA expression was significantly
downregulated upon LPS stimulation but modestly increased
upon IL-4 treatment at 24 h (Fig. 11). Cytoplasmic Shmt1 expression
was strongly downregulated over time upon exposure to LPS, and
mitochondrial Shmt2 was also reduced beginning at 8 h after LPS
exposure (Fig. 1J, K). However, IL-4 stimulation had no impact on
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the expression of these genes (Fig. 1J, K). Genetic deletion of

Days

import of exogenous serine and glycine to maintain the demand
of M1 macrophages. IL-4 stimulation had no effect on serine or
glycine levels at 4 h but modestly elevated glycine levels at 24 h
(Fig. 1L, M). The alanine-serine-cysteine-threonine transporters
ASCT1 and ASCT2, encoded by SicTa4 and Sicla5, respectively,

Phgdh had no obvious effect on these genes following stimulation
with IL-4 or LPS (Supplementary Fig. S1D, E). Moreover, cellular
serine and glycine levels were significantly increased upon LPS
stimulation (Fig. 1L, M), suggesting that LPS may enhance the
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Fig.2 PHGDH-mediated de novo serine synthesis supports M2-like TEM polarization and macrophage proliferation. Western blot detection of
ARG1 and PHGDH in Phgdh™" Cx3cr1-Cre BMDMs and Phgdh™" BMDMs incubated with DMEM, AE17-TCM (A) or A549-TCM (B) for 24 h. Protein
secretion of TGF-p (C) and VEGF (D) in PHGDH-deficient BMDMs and Phgdh™® BMDMs incubated with AE17-TCM, A549-TCM, MDA-MB-231-
TCM or HCT116-TCM for 24 h (n =3 biologically independent samples). E gPCR analysis of /l-10 in PHGDH-deficient BMDMs and control
BMDMs cocultured with AE17 cells for 24 h (n = 3 independent experiments). The data are expressed as the fold change relative to the control
(Phgdh™® BMDMs cocultured with DMEM). F '3C-labeling of serine in PHGDH-deficient BMDMSs and Phgdh™® BMDMs incubated with AE17-
TCM for 24 h and then pulsed with U-['*C]-glucose for 2 h (n =3 independent experiments). G *C-labeling of serine in PHGDH-deficient
BMDMs and Phgdh™" BMDMs incubated with AE17-TCM for 24 h and then pulsed with U-['*C]-serine for 2 h (n = 3 independent experiments).
H Intracellular level of serine in control BMDMs and PHGDH-deficient BMDMs (n =4 independent experiments). I qPCR analysis of Arg1
expression in PHGDH-deficient BMDMs incubated with AE17-TCM supplemented with serine, formate or 1 mM dimethyl-a-ketoglutarate (DM-
aKG) (n =3 independent experiments). J Western blot analysis of PHGDH and ARG1 in PHGDH-deficient BMDMs incubated with AE17-TCM
supplemented with 0.5 mM, 1 mM, 2 mM or without DM-aKG. K Cell cycle analysis of BMDMs from PHGDH-deficient and control mice by
7-AAD and BrdU staining (n = 4 independent experiments). n.s. nonsignificant. L PHGDH-deficient BMDMs and control BMDMs were treated
with AE17-TCM or A549-TCM for the indicated days and then incubated for 1 h with CCK8 reagent (n = 4 biologically independent samples).
The optical density (OD) was detected at 450 nm. The data were normalized to the control (DMEM-treated Phgdh™" BMDMs) and are
expressed as the fold change relative to the control. All the data are shown as the mean + SEM. Statistical significance was calculated using a

two-tailed unpaired Student’s t test

have been reported to mediate serine and glycine transport [22].
We therefore measured the gene expression of Slc7a4 and Sic1a5
upon LPS or IL-4 stimulation. Surprisingly, the mRNA expression of
Slcla4 was not affected by LPS stimulation at 4 or 24h
(Supplementary Fig. S1F), whereas Slc1a4 was upregulated by IL-
4 stimulation at 4 h (Supplementary Fig. S1F). SlcTa5 expression
was even downregulated upon LPS stimulation but was not
affected by IL-4 stimulation (Supplementary Fig. S1J). We then
proceeded to investigate whether exogenous serine and glycine
levels influence macrophage polarization. Inhibition of ASCTs by
the specific inhibitor L-phenylglycine (I-phg) [23] downregulated
LPS-induced //18 expression (Supplementary Fig. STH) but not IL-4-
induced Argl expression (Supplementary Fig. S1l). Furthermore,
the absence of serine and glycine (-SG) in the medium reduced
LPS-induced /13 (Fig. 1N), whereas the IL-4-induced M2 marker
Argl (Fig. 10) was not affected by conditional deprivation,
highlighting the importance of exogenous serine and glycine for
LPS-induced M1 polarization [19] but not for IL4-induced M2
polarization [16]. Taken together, these findings indicate that
PHGDH is necessary for IL-4-induced immunosuppressive macro-
phage activation but is dispensable for the LPS-stimulated
inflammatory phenotype.

PHGDH contributes to M2-like TEM polarization and
macrophage proliferation

Given the highly M2-like nature of TAMs in the complex TME and
the high expression of Phgdh in isolated TAMs, we investigated
whether PHGDH is required for the function of TAMs. We
generated tumor-educated macrophages (TEMs) by culturing
Phgdh™™ and PHGDH-deficient BMDMs in tumor-conditioned
media (TCM) derived from cancer cell lines with high PHGDH
amplification; these cells included murine AE17 mesothelioma,
human A549 lung cancer, human HCT116 colon cancer, and
human MDA-MB-231 breast cancer cells without significant
PHGDH amplification (Supplementary Fig. S2A). We found that
all of the activated Phgdh™® TEMs exhibited upregulated
expression of the ARG1 protein (Fig. 2A, B, Supplementary Fig.
S2B, C) and the release of the immunosuppressive cytokine
transforming growth factor-p (TGF-B) (Fig. 2C). However, deletion
of Phgdh downregulated the expression of ARG1 and TGF-3
(Fig. 2A-C, Supplementary Fig. S2B, C). The expression of another
TAM marker, vascular endothelial growth factor (VEGF; also called
VEGF-A), was also reduced by PHGDH deficiency (Fig. 2D),
suggesting that PHGDH plays a crucial role in promoting M2-like
TEM polarization, regardless of the PHGDH levels in the
corresponding cancer cells. Moreover, coculture of Phgdh™"
BMDMs with AE17 cells further upregulated the expression of
the anti-inflammatory cytokine //70 in response to LPS, but PHGDH
deficiency downregulated the expression of //10 (Fig. 2E).
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We next sought to evaluate whether serine metabolism was
necessary for M2 macrophage polarization in the tumor context.
Notably, serine levels were decreased in AE17-TCM, A549-TCM and
MDA-MB-231-TCM cells, while glycine levels were increased
compared to those in fresh or macrophage-conditioned medium
(BMDM-CM) (Supplementary Fig. S2D, E). After incubation, the
extracellular levels of both serine and glycine remained
unchanged in the TEMs (Supplementary Fig. S2D, E), suggesting
that exogenous serine is not necessary for TEM activation. To
verify this, we performed pulsed stable isotope labeling with
uniformly *C-labeled (U-['*C]) glucose or serine, followed by gas
chromatography-mass spectrometry (GC-MS) analysis. We found
that, compared with the control, AE17-TCM-induced TEMs
significantly increased the incorporation of glucose-derived
carbons into serine (Fig. 2F), whereas the uptake of U-['3C]-serine
was comparable between the TEMs and the control (Fig. 2G).
Notably, PHGDH deficiency markedly reduced the incorporation of
labeled glucose into serine (Fig. 2F) and decreased the intracellular
serine pool (Fig. 2H). However, the demand of TEMs for exogenous
serine was not affected by PHGDH deficiency (Fig. 2G). Therefore,
TEMs rely on PHGDH-mediated de novo serine synthesis to
maintain their intracellular serine pools.

We then asked whether supplementation with key metabolites
of serine metabolism could restore the immunosuppressive
phenotype in PHGDH-deficient TEMs. Surprisingly, serine and
formate (known to be a one-carbon donor) were unable to restore
M2-like activation in the TEMs (Fig. 2I). However, supplementation
with cell-permeable aKG, the byproduct of SSP (Fig. 1H), restored
the mRNA and protein expression of the M2 marker ARG1 in
PHGDH-deficient TEMs (Fig. 2I, J). Importantly, we observed a
concentration-dependent effect of aKG on ARG1 expression
(Fig. 2J). In addition, both the AE17-TCM- and A549-TCM-treated
BMDMs exhibited greater confluence and elongated morphology
than the untreated BMDMs (Supplementary Fig. S2F). PHGDH
deficiency led to a reduced cell number and altered morphology
(Supplementary Fig. S2F) but did not induce apoptosis, as
evidenced by the unchanged cleaved (cl.) caspase-3 (Supplemen-
tary Fig. S2G). Cell cycle analysis revealed that the cell cycle
progression of PHGDH-deficient macrophages was inhibited, as
indicated by a decreased percentage of cells in S-phase and
increased percentage of cells in Gl-phase (Fig. 2K). We next
performed a CCK8 assay to evaluate the effects of PHGDH on TEM
proliferation. As BMDMs differentiate into primary macrophages
with limited proliferative capacity, we observed low OD450 values
in both TEMs and untreated BMDMs (control) (Supplementary
Fig. S2H). However, the increasing relative OD450 values of
the AE17-TCM- and A549-TCM-treated TEMs indicated that the
proliferative capacity of the TEMs was greater than that of the
control (Fig. 2L). In contrast, genetic deletion of Phgdh suppressed
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Fig. 3 Macrophage-specific Phgdh ablation reduces tumor growth, TAM infiltration and polarization. A Tumor growth curves showing the
mean tumor volume at the indicated timepoints following implantation of AE17 cells into Phgdh™? (batch1, n = 5; batch2, n = 3; batch3, n = 3)
and Phgdhﬂ/ﬂ Cx3cr1-Cre (batch1, n=5; batch2, n = 3; batch3, n =4) mice. The data represent three independent experiments. B Tumor
weights of mice injected with AE17 mesothelioma cells from A. The tumor data were collected on Day 32, Day 35 or Day 38 after tumor
transplantation (Phgdh™?, n=11 in total; Phgdh™® Cx3cr1-Cre, n=12 in total). Each s%mbol represents one individual. C Flow cytometry
analysis of the proportion of TAMs (CD45+CD11b*F4/80™) among tumors from Phgdh™ (n = 10) and Phgdh™® Cx3cri1-Cre mice (n = 10). The
data represent three independent experiments. D Flow cytometry analysis of M1-like TAMs (MHC-I"CD2067) and M2-like TAMs (MHC-
II°CD206™) from Phgdh™ tumors (n = 9) and Phgdh™" Cx3cr1-Cre tumors (n = 9). The data represent three independent experiments. qPCR
analysis of the antitumorigenic markers Nos2 and Tnfa (E) and the protumorigenic markers Arg1, Tgfb, and /10 (F) in TAMs sorted from mice
with AE17 tumors (n =5 tumors per condition). The data are expressed as the fold change relative to the control. The results represent two
independent experiments. G Representative immunohistochemical (IHC) images (left) and quantification (right) of Ki67-stained cells in tumor
sections from mice with AE17 mesothelioma tumors (n = 6 tumors per condition). The data represent two independent experiments. Scale
bar, 200 pm (left), 50 um (right). H Representative histogram (left) and quantitative plot (right) of PD-L1* TAMs in tumor sections from mice
with AE17 tumors (n = 6 tumors per condition). The data represent two independent experiments. Analysis of the proportions of activated
CD8" (CD37CD8"CD25™) (I, n=10 tumors per condition), CD8TIFNy" (J, n=5 tumors per condition) and Treg (CD4*CD25"FOXP3™)
(K, n =10 tumors per condition) cells from mice with AE17 mesothelioma tumors. The results represent three independent experiments (I and
K) or two independent experiments (J). All of the data are shown as the mean + SEM. Statistical significance was calculated using two-way
ANOVA with Tukey's multiple comparison test (A) or a two-tailed unpaired Student’s t test (B-K)
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the proliferation of TEMs (Fig. 2L). Taken together, these results
indicate that PHGDH-mediated de novo serine synthesis is
essential for M2-like TEM polarization and macrophage
proliferation.

PHGDH suppression impairs TAM infiltration and

tumor growth

We hypothesized that the loss of PHGDH in macrophages, which
results in attenuated M2-like TEM polarization and proliferation,
may confer greater antitumor immunity in vivo. To test this
hypothesis, we subcutaneously injected Phgdh™® and Phgdh™f
Cx3cr1-Cre mice with AE17 cells and monitored tumor growth
over time. In three independent experiments, we consistently
found that both tumor volume (Fig. 3A and Supplementary
Fig. S3A) and tumor weight were lower (by 34%, p=0.034)
(Fig. 3B) in the macrophage-specific Phgdh-knockout mice
(8-12 weeks) than in the control mice (8-12 weeks) and
corresponded to a significant reduction in TAM (CD45"
CD11b*F4/80™) infiltration (Fig. 3C and Supplementary Fig. S3B).
Moreover, depletion of PHGDH markedly decreased the popula-
tion of M2-ike TAMs (MHC-ICD206") but increased the
population of M1-like TAMs (MHC-I"'CD2067) (Fig. 3D and
Supplementary Fig. S3B). To examine the influence of PHGDH
ablation on the expression of macrophage-associated markers, we
used fluorescence-activated cell sorting to isolate TAMs from
Phgdh™® Cx3cr1-Cre tumor-bearing mice and analyzed the mRNA
expression of several protumorigenic and proinflammator
markers. We found that compared with TAMs from Phgdh™"
tumor-bearing mice, those from Phgdh™® Cx3cri-Cre tumor-
bearing mice exhibited significant upregulation of genes linked
to an M1-like/proinflammatory phenotype (Nos2 and Tnfa) (Fig. 3E),
while downregulated genes were associated with an M2-like/
protumorigenic phenotype (Arg1, Tgfb and /l10) (Fig. 3F). In
addition to traditional M1-/M2-like TAMs, four distinct macro-
phage subsets have been characterized in human tumor tissues in
a previous study, revealing the heterogeneity of macrophages in
the TME [24]. To understand the impact of PHGDH on different cell
populations, we selected 1-2 markers for each phenotype and
conducted gPCR analysis. We found that PHGDH deficiency
downregulated Slc40al and Gpnmb, which are markers for the
M@-c2-C1QA subset and Apoe, a marker for the Meg-c3-APOE
subset, while it had no effect on the other two subsets, Mg-c1-
THBS1 (represented by Thbs7) and Mg-c4-GPX3 (represented by
Lst17 and Fcgr3) (Supplementary Fig. S3C). Taken together, these
findings indicate that PHGDH selectively modulates the behavior
of specific TAM subsets in the TME. In addition to traditional M2-
like TAMs, M@-c2-C1QA and Mq-c3-APOE TAMs are inhibited,
indicating the crucial role of PHGDH in regulating these particular
macrophage populations. In contrast, the results for the unaf-
fected cell subsets, namely, Mg-c1-THBST and Meg-c4-GPX3,
suggested that these cells were functionally independent of
PHGDH or potentially regulated by alternative pathways. These
findings suggest that targeting PHGDH in macrophages may
reprogram certain TAM populations and decrease tumor malig-
nancy. Indeed, the number of Ki67* proliferating cells was slightly
lower in Phgdh™® Cx3cr1-Cre tumors than in Phgdh™? tumors,
although the difference did not reach statistical significance
(Fig. 3G). Furthermore, we observed significant downregulation of
PD-L1 in Phgdh™® Cx3cri-Cre TAMs compared to Phgdh™? TAMs
(Fig. 3H), suggesting that PHGDH deficiency may impact antitumor
T-cell functions. Surprisingly, PHGDH deficiency had no impact on
the total T-cell population or on the CD4 or CD8 subsets
(Supplementary Figs. S3D and S4A). However, we observed a
modest increase in CD87CD25" and CD8TIFNy™ T cells (Fig. 3I, J),
while regulatory T cells (CD4"FOXP3tCD25" Tregs) were
decreased (Fig. 3K). Earlier studies have reported that Cx3cr1 is
also expressed in lymphocytes [25]. To exclude the possibility of
off-target effects of the Cx3cr1-Cre strain on the status of PHGDH
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in T cells, we evaluated PHGDH protein expression in T cells within
tumor tissues via immunofluorescence staining of CD3. As shown
in Supplementary Fig. S4B, there was no obvious difference in
PHGDH expression in T cells between Phgdh™" and Phgdh™"
Cx3cr1-Cre tumor-bearing mice. This finding suggested that the
Phgdh™? Cx3cri-Cre strain does not influence the expression of
PHGDH in T cells. Notably, we conducted similar experiments in
older mice (16-18 weeks) but observed no significant antitumor
effects of PHGDH conditional ablation in these mice (data not
shown), suggesting that the immune system of older mice might
be less responsive to the alterations induced by PHGDH
deficiency. Taken together, our findings indicate that the loss of
PHGDH not only results in reduced TAM infiltration in younger
mice and a restrained immunosuppressive phenotype but also
leads to the inhibition of tumor growth and partial restoration of
antitumor immunity.

PHGDH suppression drives macrophage metabolic
reprogramming

To shed light on the mechanisms by which PHGDH maintains the
immunosuppressive phenotype of TAMs, we performed transcrip-
tomic analyses of Phgdh™® and Phgdh™® Cx3cri-Cre macrophages
from AE17 cells treated with TCM. Notably, PHGDH deficiency not
only suppressed the TCM-induced expression of genes associated
with M2-like (protumorigenic) polarization, as indicated by the
expression of Argl, Tgfb, Mgl1 (Clec10a), Ccl22, and Cd36 but also
strongly stimulated the expression of genes associated with an M1-
like (antitumorigenic) signature (e.g., Ccl5, Cxcll, Cxcl9, Cd86, 1118
and Nos2) (Fig. 4A). Gene set enrichment analysis (GSEA) revealed
that genetic ablation of PHGDH notably decreased the “E2F
transcription factor target”, “mitochondrial oxidative phosphoryla-
tion” (OXPHOS), “glycolysis”, and “mTORC1 signaling” signatures
and concurrently augmented the “inflammatory response” and
“p53 pathway” (Fig. 4B, C, Supplementary Fig. S5A-C), implying
that PHGDH plays a major role in regulating the cell cycle and
metabolic reprogramming. KEGG enrichment analysis revealed
dramatic downregulation of numerous metabolic pathways,
including “pyrimidine metabolism”, “purine metabolism”, “arginine
and proline metabolism”, and “glycine, serine and threonine
metabolism”, in Phgdh™® Cx3cr1-Cre TEMs (Supplementary
Fig. S5D), all of which are purportedly critical for supporting the
function of M2 macrophages and cell proliferation. We then
assessed whether PHGDH deficiency could cause metabolic
reprogramming in TEMs. We measured the oxygen consumption
rate (OCR), an indicator of OXPHOS, and the extracellular
acidification rate (ECAR), a readout of glycolysis. We found that
the basal OCR, maximal OCR and ATP-linked respiration of Phgdh™"
TEMs were strongly elevated compared to those of the control
(DMEM-treated Phgdh™" BMDMs) (Fig. 4D, E), suggesting an
increase in mitochondrial OXPHOS. However, this increase was
not observed in PHGDH-deficient cells (Fig. 4D, E), indicating that
mitochondrial respiration was inhibited upon PHGDH depletion in
TEMs. In addition, both DMEM-treated Phgdh™? BMDMs (control)
and Phgdh™® TEMs cultured in the absence of glucose had similar
ECARs (Fig. 4F), whereas the addition of glucose significantly
increased the ECAR in Phgdh™ TEMs but not in the control
(Fig. 4F), consistent with an increase in the Warburg effect in TAMs
[26]. Indeed, the conversion of glucose to lactate represented
approximately 50% of the maximal glycolytic ability of control
macrophages, whereas Phgdh™™ TEMs used up to 80% of their
maximal ability (Fig. 4G). However, PHGDH deficiency significantly
reduced the glycolytic capacity triggered by TCM (Fig. 4F, G). These
data suggest that, in contrast to the lower overall metabolic activity
observed in the control macrophages and PHGDH-deficient TEMs,
the Phgdh™® TEMs were highly metabolically active. Consistent
with these findings, cellular metabolite levels were distinctly
different between Phgdh™® Cx3cr1-Cre TEMs and Phgdh™? TEMs
(Supplementary Fig. S5E and Supplementary Table S1). In addition,
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we observed a significant decrease in the levels of the anti-
inflammatory metabolites itaconate and taurine (Fig. 4H-J) as well
as the polyamine metabolite ornithine (Fig. 4K), which are essential
for immunosuppressive macrophage functions in PHGDH-deficient
TEMs. These findings suggest that depletion of PHGDH shifts TEMs
away from an immunosuppressive metabolic state.
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To verify these results in vivo, we evaluated representative
genes of the glycolytic pathway and the subunits of the five
protein complexes involved in the electron transport chain (ETC)
in TAMs sorted from Phgdh™® Cx3cri-Cre and Phgdh™? tumor-
bearing mice. We found that the expression of most representa-
tive genes (Ndufb8, Sdhb, Cox5a and Atp5al) encoding for the ETC

Cellular & Molecular Immunology



Z. Cai et al.

Fig. 4 PHGDH deficiency modulates macrophage metabolic reprogramming. A Heatmap of M1 and M2 macrophage gene expression in
Phgdh™® Cx3cri-Cre and Phgdh™® BMDMs incubated with AE17-TCM for 24h (n = 4 biologically independent samples). B GSEA was
conducted using hallmark gene sets from the Molecular Signatures Database of the Broad Institute. The analysis identified the most
significantly enriched gene sets in Phgdh™? Cx3cr1-Cre and control BMDMs. € GSEA plots of the glycolysis (up) and oxidative phosphorylation
(OXPHOS) (down) gene signatures in Phgdh™? Cx3cri-Cre TEMs relative to Phgdh™" TEMs from the analysis in B with their respective
normalized enrichment scores (NES) and false discovery rates (FDR). D Oxygen consumption rate (OCR) of Phgdh™? Cx3cr1-Cre BMDMs and
control BMDMs incubated with AE17-TCM or DMEM for 24 h followed by exposure to the indicated bioenergetic modulators: oligomycin,
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and rotenone/antimycin A (AA) (n =4 independent experiments). The arrow
denotes when the compounds were added. E Basal OCR, maximal OCR, and ATP-linked respiration from the trace in A. F Glycolysis stress
analysis of Phgdh™® Cx3cr1-Cre BMDMs and control BMDMs incubated with AE17-TCM or DMEM for 24 h before exposure to the indicated
compounds: glucose, oligomycin, and 2-deoxy-D-glucose (2-DG) (n = 4 independent experiments). The arrow denotes when the compounds
were added. G Glycolytic capacity of the trace in B. H Cellular levels of significantly reduced metabolites in PHGDH-deficient BMDMs
compared to those in control BMDMs incubated with AE17-TCM for 24 h (n = 4 biologically independent samples). The color bar indicates the
range of metabolite levels depicted by the Z score. GC-MS analysis of the cellular metabolites itaconic acid (I), taurine (J) and ornithine (K)
(n=4 biologically independent samples). MS peak areas were normalized to the internal standard and corresponding pellet protein
concentration. The data are shown as the mean + SEM. Statistical significance was calculated using a two-tailed unpaired Student’s t test

was lower in Phgdhﬂ/ﬂ Cx3cr1-Cre TAMs than in Phgdhﬂ/ﬂ TAMs
(Supplementary Fig. S5F), indicating that PHGDH deficiency
reduced TAM OXPHOS, which was consistent with our in vitro
Seahorse analyses. Furthermore, compared with their Phgdh™®
counterparts, Phgdh™® Cx3cri-Cre TAMs exhibited a slight
decrease (not significant) in the expression of selected genes
(Hk2, Gaphd, Pgam1, Pfkm, Pkm and Ldha) involved in glycolysis
(Supplementary Fig. S5G). This nuanced effect suggested the pos-
sibility of a compensatory response from increased M1-like TAM
populations within the tumor tissues of Phgdh™® Cx3cr1-Cre mice.
Moreover, we evaluated two other enzymes (Psatl and Psph)
involved in the de novo serine synthesis pathway (Supplementary
Fig. S5H). The Psat1 and Psph gene expression levels did not differ
between Phgdh™ Cx3cri-Cre TAMs and Phgdh™® TAMs, which is
consistent with our in vitro data (Supplementary Fig. S1D, E),
indicating that the regulatory effect of PHGDH on the other two
enzymes is minimal.

De novo serine synthesis promotes aKG-dependent
immunosuppressive macrophage activation

Based on our metabolomic analysis, PHGDH depletion inhibited
glutamine utilization in TEMs, as indicated by reduced intracellular
levels of glutamate and aKG (Fig. 4H). Our in vivo data confirmed
that the serum aKG levels in PHGDH conditional knockout mice
were considerably decreased upon tumor injection (Fig. 5A).
Interestingly, the serum levels of serine and glycine remained
unaffected by the conditional knockout of PHGDH (Fig. 5B),
indicating that the daily dietary intake of these nonessential
amino acids provided an adequate supply. These findings suggest
that the reduced TAM functions observed in PHGDH-deficient
mice may not be attributed to alterations in serine and glycine
availability. akKG is the key intermediate of the TCA cycle and can
be directly linked via the de novo serine synthesis pathway, which
produces equimolar amounts of serine and aKG because the
enzyme PSAT1 converts 3-phosphohydroxypyruvate and
glutamine-derived glutamate to phosphoserine and aKG (Fig. 1H)
[27]. We hypothesized that SSP plays a crucial role in the
conversion of glutamate to aKG and thereby promotes TAM
polarization toward an M2-like phenotype. To address this
hypothesis, we performed pulsed stable labeling studies using
U-["*Cl-glutamine and revealed that the carbon flow from
glutamine to aKG was significantly lower in PHGDH-deficient
TEMs (by 40%) than in control cells (Fig. 5C). We then utilized
siRNA to silence the expression of Psat? in RAW264.7 cells
(Fig. 5D). Like in the case of genetic ablation of Phgdh, siRNA-
mediated Psat1 suppression decreased U-['*Cl-glutamine incor-
poration into aKG (Fig. 5E) and decreased the intracellular aKG
level in TEMs (Fig. 5F). In addition, Psat1 suppression blunted M2-
like polarization compared with that in the control group (Fig. 5G).
We then investigated whether rescuing the aKG level in Psat1-
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silenced TEMs could restore the immunosuppressive phenotype.
As expected, the addition of aoKG to AE17-TCM restored
macrophage Arg7 mRNA and protein expression in Psat1-silenced
TEMs (Fig. 5H, I). Given that supplementation with aKG could
restore M2-like TEM polarization, we then asked whether aKG
treatment alone is capable of inducing M2-like polarization.
Indeed, aKG treatment alone activated Argl expression in a
concentration-dependent manner (Fig. 5I-J). In contrast, the
expression of the M1-like markers /13 and Nos2 was strongly
inhibited upon oKG treatment (Fig. 5K). Taken together, these
results indicate that de novo serine synthesis plays a crucial role in
the conversion of glutamate to aKG, contributing to the
maintenance of the M2-like phenotype.

aKG generated by SSP supports mTORC1 signaling

Our GSEA data highlighted the enrichment of the
mTORC1 signaling pathway in PHGDH-deficient TEMs (Fig. 6A
and Supplementary Fig. S6A). Previous studies have shown that
both serine and aKG can support mTORC1 signaling in cancer and
immune cells [28-31], and our results underscore the regulatory
effects of aKG produced by de novo serine synthesis on M2-like
TEM polarization. We reasoned that mTORC1 is involved in TAM/
TEM M2-like polarization and proliferation driven by de novo
serine  synthesis  pathway-derived aKG. To  evaluate
mTORC1 signaling, we assessed the phosphorylation of the
downstream effector S6 and eukaryotic translation initiation factor
4E-binding protein 1 (4E-BP1). We observed that, compared with
control cells, both AE17-TCM- and A549-TCM-stimulated TEMs
exhibited substantial S6 and 4EBP1 phosphorylation (Fig. 6B,
Supplementary Fig. S6B-D). Rapamycin treatment not only
blocked mTORC1 signaling activation (Fig. 6B, Supplementary
Fig. S6B-D) but also suppressed TEM M2-like polarization (Fig. 6B
and Supplementary Fig. S6C) and macrophage proliferation
(Fig. 6C and Supplementary Fig. S6E). Notably, rapamycin
treatment suppressed Phgdh mRNA expression in TEMs (Fig. 6D),
implying that mTORC1 signaling and PHGDH interact with each
other. Like rapamycin, WQ-2101 treatment reduced the phosphor-
ylation of these mTORC1 targets (Fig. 6B, Supplementary Fig.
S6B-D). Furthermore, genetic deletion of PHGDH diminished
mTORC1 signaling in TEMs and in tumors (Fig. 6E, F). We also
observed that the activity of mTORC2, as indicated by the
phosphorylation of AKT, was induced by the tumor medium but
was not affected by the ablation of PHGDH (Fig. 6E). Next, we
asked whether aKG supplementation could restore the activity of
mTORC1 signaling in PHGDH-deficient TEMs. As expected, aKG
supplementation largely increased the phosphorylation of S6 in
PHGDH-deficient TEMs (Fig. 6G). Interestingly, treatment of
BMDMs with aKG alone enhanced mTORC1 signaling activity
(Fig. 6G). Taken together, these data show that the PHGDH-
mediated de novoserine synthesis pathway modulates TAM
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Fig. 5 De novo serine synthesis regulates the conversion of glutamate to aKG, contributing to the maintenance of an M2-like macrophage
phenotype. The concentrations of aKG (A), serine (B) and glycine (B) in the serum of control and PHGDH-deficient mice at the indicated days post
tumor inoculation. (n = 4 biologically independent samples). € *C-labeling of aKG in PHGDH-deficient BMDMs and Phgdh™ BMDMs incubated with
AE17-TCM for 24 h and then pulsed with U-['*Cl-glutamine for 2 h (n = 3 independent experiments). D gPCR analysis of Psat1 gene expression in RAW
264.7 macrophages subjected to Psat1 siRNA (si-Psat1) or nontargeting siRNA (si-control) treatment (n = 5 biologically independent samples). The
data are expressed as the fold change relative to the control. E *C-labeled aKG in si-Psat? RAW and si-control RAW264.7 macrophages incubated with
AE17-TCM for 24 h and then pulsed with U-['*C]-glutamine for 2 h (n = 3 independent experiments). F Cellular level of oKG in si-Psat1- and si-control
RAW 264.7 macrophages incubated with AE17-TCM for 24 h, followed by GC-MS (n = 3 biologically independent samples). G gPCR analysis of the M2
markers Arg1, Mgl1, Mgl2 and Ym1 in Psat1-knockdown and control macrophages incubated with AE17-TCM for 24 h (n = 3 biologically independent
samples). The data are expressed as the fold change relative to the level in the AE17-TCM-treated si-control group. H qPCR analysis of Arg1 expression
in Psat1-knockdown macrophages incubated with AE17-TCM supplemented with or without 1 mM DM-aKG (n =3 independent experiments).
I Western blot analysis of ARG1 in Psat1-knockdown macrophages incubated with AE17-TCM supplemented with (0.5 mM, 1 mM or 2 mM) or without
DM-aKG. gPCR analysis of Arg1 (J), I13 (K) and Nos2 (K) expression in Psat1-knockdown macrophages incubated with AE17-TCM supplemented with
the indicated concentrations of DM-aKG (n = 3 biologically independent samples). The data are expressed as the fold change relative to the control.
The data are shown as the mean + SEM. All the data were analyzed using a two-tailed unpaired Student’s t test (C-H, J-K) or two-way ANOVA with
Tukey’s multiple comparisons test (B)
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Fig. 6 The PHGDH-mediated SSP activates mTORC1 signaling in M2-like TAMs. A GSEA plot of the “mTORC1 signaling” gene signature in
Phgdh™® Cx3cri-Cre TEMs relative to that in Phgdh™? TEMs from the analysis in Fig. 4B with the respective NES and FDR. B Western blot
analysis of the indicated proteins in WT BMDMs incubated with AE17-TCM supplemented with 100 nM rapamycin or 25 M WQ-2101 for 24 h.
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polarization and proliferation at least in part via oaKG and
mTORC1 signaling.

PHGDH depletion in macrophages reduces their crosstalk with
tumor cells

TAM recruitment and differentiation are key parts of tumor growth
and malignancy. The attenuation of tumor growth and simulta-
neous reduction in TAM infiltration prompted us to assess the
influence of PHGDH depletion in macrophages on the crosstalk of
TAMs with tumor cells. Our RNA-seq data revealed that PHGDH
depletion significantly downregulated the expression of Ccr2, a
major chemoattractant receptor (Fig. 7A), while the expression of
another chemoattractant receptor, CXCR4, was unaffected [32]
(Supplementary Fig. S7A). Consistent with these findings, we
confirmed that PHGDH deficiency markedly reduced CCR2 levels
in TEMs treated with AE17-TCM or A549-TCM (Fig. 7B and
Supplementary Fig. S7B) as well as in TAMs isolated from
Phgdh™ Cx3cri-Cre tumor-bearing mice (Fig. 7C). Given the
important role of the CCL2-CCR2 chemokine signaling pathway in
monocyte/macrophage recruitment in tumor models, we
hypothesized that PHGDH depletion could impair macrophage
migration toward cancer cells. Indeed, PHGDH-deficient macro-
phages exhibited defects in their ability to migrate toward AE17
and A549 cells (Fig. 7D and Supplementary Fig. S7C). Notably,
rapamycin treatment not only downregulated CCR2 protein
expression (Fig. 7B and Supplementary Fig. S7B) but also restricted
the migration of TEMs toward cancer cells (Fig. 7E and
Supplementary Fig. S7D), suggesting the potential involvement
of mTORC1 signaling in CCR2-mediated macrophage migration.
To gain further insight into the interplay between the PHGDH-
mediated SSP and mTORC1 signaling in macrophage migration,
we added aKG to the upper chambers of Transwell plates.
Intriguingly, the additional aKG partially restored the migration
ability of the PHGDH-deficient TEMs (Fig. 7F and Supplementary
Fig. S7E). Thus, the interplay between PHGDH-mediated SSP and
mTORC1 signaling may play a role in regulating macrophage
migration to the TME.

To determine the levels of CCR2 expression in M1-like and M2-
like TAMs in a more widespread manner, we mined the TCGA
database using the TIMER2.0 online tool [33] (http://
timer.cistrome.org). In many of the evaluated solid tumors
(Spearman’s rank correlation coefficient, adjusted p value < 0.05),
we observed a positive correlation between Ccr2 gene expression
and the infiltration of M1-like TAMs (Supplementary Fig. S7F,
Supplementary Table S4). However, the correlation between Ccr2
expression and the infiltration of M2-like TAMs was not as
pronounced in most tumors (adjusted p value >0.05) (Supple-
mentary Table S4). Among the tumors with significant correlations
(adjusted p value < 0.05), we found both positive and negative
correlations between Ccr2 expression and the infiltration of M2-
like TAMs (Supplementary Fig. S7G, Supplementary Table S4). This
is mainly because CCR2 is involved in the recruitment of
monocytes/macrophages from the bloodstream to sites of
inflammation or the TME. This recruitment process is a critical
step in the generation of TAM populations within tumors,
influencing the tumor immune landscape. Combined with our
previous findings, one plausible explanation is that PHGDH
deficiency diminishes CCR2 levels within TAMs, specifically
affecting the monocyte/macrophage recruitment process without
compromising the function of M1-like inflammatory TAMs.
However, a rational understanding of the underlying mechanisms
requires further exploration.

DISCUSSION

Increased serine uptake and de novo synthesis have emerged as
critical regulators of cellular dynamics in cancer cells, lympho-
cytes, and endothelial cells [29, 34-38]. Dietary serine and glycine
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restriction agents or PHGDH inhibitors are being explored as
promising antitumor therapies [39-43]. However, the role of
PHGDH and serine metabolism in TAMs has not been determined.
The protumorigenic impact of TAMs on the immunosuppressive
TME and tumor progression suggests that targeting TAMs could
be a valuable therapeutic approach [44]. In this study, we
demonstrated that deletion of the serine biosynthesis enzyme
PHGDH effectively suppressed the immunosuppressive activity of
M2-like TAMs and two other different macrophage subsets, M-
c2-C1QA and Me@-c3-APOE, in tumor tissues and attenuated
tumor growth in a murine mesothelioma model. We found that
both the typical Th2 immune response and the TME enhanced
PHGDH-mediated de novo serine synthesis in macrophages and
promoted immunosuppressive macrophage activation and pro-
liferation through mTORC1 signaling. Depletion of PHGDH
disrupted the enhanced metabolism critical for protumorigenic
macrophage function, which resulted in a decrease in TAM
infiltration and a phenotypic shift of M2-like TAMs toward an M1-
like phenotype. Additionally, PHGDH deficiency reduced PD-L1
production in TAMs and partially restored antitumor T-cell
immunity. Our observations revealed that the absence of PHGDH
impaired M2-like TEM polarization, regardless of the PHGDH
levels in the corresponding cancer cells. Nevertheless, we did not
observe the inhibitory effects of PHGDH deficiency in older mice,
which could be attributed to the overall decline in the immune
system associated with aging. It is plausible that the immune
system of older mice is less responsive to the PHGDH-dependent
alterations that contribute to the observed antitumor effects in
younger mice. These findings raise the intriguing possibility that
targeting PHGDH in macrophages could serve as a promising
therapeutic approach for solid tumors, particularly in younger
individuals with low or negligible PHGDH expression in
tumor cells.

Metabolism is increasingly recognized as a major regulator of
macrophage function [45]. M1-like macrophages are characterized
by a highly glycolytic metabolism, which enables extensive lactate
secretion, NADPH and nucleotide biosynthesis, and reactive
oxygen species (ROS) production, all of which support their
cytocidal activities [46]. Conversely, M2-like macrophages pre-
dominantly rely on oxidative metabolism for bioenergetic
purposes, which is associated with their role in tissue repair and
remodeling [46]. Serine metabolism has recently been found to be
involved in macrophage polarization in response to various
environmental cues [16, 19, 20, 47, 48]. Yu et al. reported that
LPS stimulation induces an increase in de novo serine synthesis in
macrophages, which contributes to IL1( expression through the
production of S-adenosylmethionine and histone methylation
[20]. However, consistent with the findings of a recent investiga-
tion [48], our findings revealed that de novo serine synthesis did
not change during the early time points (4 h and 8 h) after LPS
stimulation, while the expression of two enzymes involved in one-
carbon metabolism, namely, Shmt1 and Shmt2, was markedly
downregulated. We also found that prolonged stimulation (24 h)
resulted in the downregulation of both Phgdh and Psatl
expression, indicating the dynamic effect of LPS on de novo
serine synthesis. Interestingly, genetic ablation of Phgdh did not
influence the expression of proinflammatory genes at 4h or 8h
but led to increased expression levels at 24 h. Conversely, de novo
serine synthesis was increased at 24 h following IL4 treatment or
tumor CM stimulation, and genetic ablation of Phgdh significantly
downregulated the expression of M2 markers. In agreement with
these findings, recent data revealed that suppression of PHGDH
enhances viral infection- or IFN-y-activated M1 polarization but
suppresses IL4-induced M2 polarization [49, 50]. Moreover, serine
and glycine deprivation has been shown to downregulate the
expression of the anti-inflammatory gene //70 and thus upregulate
the expression of the proinflammatory genes /l6 and Tnfa [47].
However, our study, along with others, revealed downregulated
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Fig.7 PHGDH depletion downregulates the expression of key chemotactic receptors on TAMs and impairs macrophage migration. A Relative
FPKM (Rel. FPKM) of Ccr2 in PHGDH-deficient TEMs and control TEMs (n=4 biologically independent samples) according to RNA-seq.
B Western blot analysis of the indicated proteins in PHGDH-deficient BMDMs and control BMDMs incubated with AE17-TCM supplemented
with or without 100 nM rapamycin for 24 h. C qPCR analysis of Ccr2 in TAMs sorted from mice with AE17 tumors (n =5 tumors per condition).
The data are expressed as the fold change relative to the WT. The results represent two independent experiments. D Scheme of the Transwell
system with PHGDH-deficient BMDMs in the upper chamber and AE17 cells in the bottom chamber. The migration of macrophages was
quantified 24 h after seeding (n =6 random fields for each condition for two independent experiments with similar results). Scale bars,
100 pm. E Quantification of PHGDH-deficient macrophages incubated with or without 100 nM rapamycin that had migrated across a Transwell
insert following coculture with AE17 cells (n = 6 random fields for each condition for two independent experiments with similar results). Scale
bars, 100 pm. F Quantification of PHGDH-deficient macrophages that migrated across a Transwell insert following coculture with AE17 cells
with or without 1 mM DM-aKG supplementation (n =6 random fields for each condition for two independent experiments with similar
results). Scale bars, 100 um. The data are shown as the mean + SEM (A, D-F). The data were analyzed using a two-tailed unpaired Student’s t
test (A and C-F)

expression of the proinflammatory genes ll13 and Tnfa in the in medium supplemented with additional serine or formate. These
absence of exogenous serine and glycine, which may be results suggest that factors other than serine or one-carbon
attributed to the roles of serine in downstream glutathione production may play a crucial role in M2-like macrophage
(GSH) synthesis and the mTORC1 pathway [19, 48]. Our findings polarization. The addition of aKG successfully restored the
indicated that in contrast to M1 macrophage polarization, IL4- expression of M2 markers in PHGDH- or PSAT1-deficient models,
induced M2 polarization or TCM-induced protumorigenic macro- which highlights its role in regulating immunosuppressive
phage polarization does not require exogenous serine. This was macrophage polarization. Indeed, we found that both glutamate
demonstrated by the lack of changes in the attenuated M2 and akKG were markedly downregulated by PHGDH depletion
phenotype when pharmacological or genetic inhibition of PHGDH in protumorigenic macrophages. Notably, conditional depletion
was applied in medium supplemented with normal serine levels or of PHGDH resulted in a decrease in the serum level of aKG in
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tumor-bearing mice. Previous studies have shown that aKG is
important for M2 macrophage activation through supporting
JMJD3-dependent histone modification [18, 51]. In addition to
these findings, our metabolomic and transcriptomic analyses
revealed that serine biosynthesis-produced aKG is a determinant
of mTORCI1 signaling activation, which in turn supports immuno-
suppressive TAM activation, proliferation, and migration.

mTORC1 signaling has been found to activate serine and one-
carbon metabolism through upregulating the expression of
PHGDH, PSAT1 and SHMT [52]. Interestingly, recent studies have
revealed that cellular serine levels also influence mTORC1
activation and downstream signaling in several cancer and
immune cells [28, 29, 31, 48]. For example, in Gclc-mutant Tregs,
elevated serine uptake and synthesis are required for cellular GSH
compensation and mTORC1 activation, which in turn limits the
immunosuppressive function of Tregs [29]. Serine deprivation has
been shown to suppress macrophage IL-13 production through
the inhibition of mMTORC1 signaling in LPS-induced macrophages
[48], which is different from what occurs in cancer cells, in which
macrophages rely on enhanced de novo serine synthesis to
promote mTORC1 signaling to support cell proliferation [28].
However, serine was abundantly available under our culture
conditions and in vivo, suggesting that serine availability is not the
limiting factor affecting mTORC1 signaling. Instead, we found that
glutamine utilization in protumorigenic macrophages was mark-
edly reduced by PHGDH ablation. Moreover, the suppression of
PHGDH or PSAT1 significantly decreased the conversion of
glutamate to oKG and decreased the cellular aKG pool in
protumorigenic macrophages and in the serum of tumor-
bearing mice. These findings suggest that aKG may play a
regulatory role in mTORC1 signaling in TAMs. Indeed, we
demonstrated that SSP-derived aKG activates mTORC1 signaling
and contributes to the maintenance of an M2-like macrophage
phenotype in the TME. Depletion of PHGDH affects aKG
production and leads to suppression of mTORC1 signaling.
Importantly, inhibition of mTORC1 signaling alone exhibited
effects similar to those of genetic or pharmacological blockade
of PHGDH, while supplementation with aKG rescued the defects
associated with PHGDH deficiency and restored the recruitment of
macrophages to cancer cells. In addition, we observed a reciprocal
relationship between mTORC1 signaling and PHGDH, as evi-
denced by the downregulation of Phgdh expression in protumori-
genic macrophages following rapamycin treatment. This finding
suggested the presence of a positive feedback loop between
PHGDH and the mTORC1 pathway. Preclinical studies targeting
PHGDH have shown promising results in inhibiting the growth of
cancers via amplification of PHGDH [34, 40-43]. It would be
meaningful to investigate whether the inhibition of PHGDH alone
or in combination with an mTORC1 inhibitor can elicit a promising
antitumor response in patients whose tumor cells lack or express
very low levels of PHGDH.

In conclusion, our study provides novel insights into the role of
PHGDH-mediated serine biosynthesis in shaping the behavior of
TAMs and their crosstalk with tumor cells. Depletion of PHGDH in
macrophages led to reduced tumor growth, altered TAM
polarization toward an antitumor phenotype, and improved
antitumor T-cell immunity. Targeting PHGDH or modulating its
downstream signaling pathways may be a novel strategy to
manipulate TAM function and improve the efficacy of clinical
immunotherapies.

Limitations of the study

While early studies have established the pivotal role of Cx3cr1 in
macrophage functions, our experiments with older mice expres-
sing Phgdh™ Cx3cr1-Cre did not reveal any signs of tumor
alterations compared to those in Phgdhﬂ/ﬂ mice. Nevertheless, we
acknowledge the possibility that age could influence how Cx3cr1
impacts macrophage functions in our experiments. Overall, age
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has a strong effect on antitumor effects, and we consider this
avenue highly interesting and worthy of thorough investigation in
future studies.

METHODS

Animals and tumor experiments

Phgdh™® mice were crossed with Cx3cr1®* mice to obtain Phgdh™"
Cx3cr1<®/* (denoted as Phgdh™™ Cx3cri-Cre) or Phgdh™® Cx3cr1*/+ (denoted
as Phgdh™ littermates. All mice in the study were bred on a C57BL/6
background and housed in conventional cages with access to a standard
diet and water ad libitum at a constant ambient temperature and a 12-hour
light cycle. For the tumor experiments, first, AE17 cells were injected
intraperitoneally (i.p.) in mice to promote tumor growth. These recultured
and STR-checked AE17 cells were subcutaneously injected (1 x10 in 100 uL
of serum-free RPMI plus 25% Matrigel) into the right flank of 8- to 12-week-
old Phgdh™ and Phgdh™® Cx3cr1-Cre mice. Tumor size was monitored at
regular intervals of 2-3 days by measuring the length and width with a
caliper. The tumor volume was calculated using the following formula:
tumor volume:(lengthxwidthz)/Z. When the tumors reached a size of
500-800 mm?, the animals were sacrificed by cervical dislocation, and the
tumors were collected for further analysis. The experiments were repeated
three times, with at least three mice per condition injected with tumor cells
in each experiment. The therapeutic experiments conducted in this study
were approved by the official Austrian ethics committee for animal
experiments (ethics approval number: GZ 66.009/0134-V/3b/2019). Mice in
individual experiments were sex- and age-matched.

Cell culture

The human lung cancer cell Line A549, the human breast cancer cell line
MDA-MB-231, the human colon cancer cell line HCT116, mouse RAW 264.7
macrophages, and the mouse fibroblast Line L929 were originally obtained
from the ATCC. The mouse mesothelioma cell line AE17 was originally
obtained from Sigma. All cancer cell lines and L929 cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) high glucose mixture
supplemented with 10% heat-inactivated bovine serum (FBS), 2 mM L-
glutamine, 100 U/mL penicillin and 0.1 mg/mL streptomycin (complete
DMEM). For metabolomic analysis, dialyzed heat-inactivated FBS was used.
All the cell lines used in the study were confirmed to be free of
mycoplasma contamination.

Conditioned media preparation

A total of 0.25 x10° cancer cells were seeded in 15 mL of complete DMEM.
After 24 h, the tumor-conditioned medium (TCM) was collected and
centrifuged at 400 x g for 4 min. The supernatant was filtered through a
0.22-pm filter to eliminate debris and stored at —80 °C before use. For the
L929-conditioned medium, a total of 17 x 10° L929 cells were cultured in
40mL of complete DMEM in 175cm? flasks. After 7 days, the L929
conditioned medium was collected, filtered (0.22 um), aliquoted and
stored at —20 °C until use.

Macrophage isolation and in vitro polarization
BMDMs were generated as previously described [53]. Briefly, bone marrow
cells were obtained by flushing the femurs and tibias of wild-type (WT),
Phgdh™? or Phgdh™® Cx3cri-Cre mice aged 6 to 8 weeks. After erythrocyte
lysis with ammonium chloride-potassium (ACK) lysis buffer (0.15 M NH4CI,
10 mM KHCO3 and 0.1 mM EDTA) for 5 min at room temperature (RT), the
cells were washed twice with ice-cold phosphate-buffered saline (PBS), and
the bone marrow cell suspension was cultured in BMDM differentiation
medium (high glucose DMEM, 10% heat-inactivated FBS, 2 mM L-
glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin supplemented
with 20% L929-conditioned supernatant) for 7 days. Fresh medium was
added every 2-3 days. On Day 7, differentiated BMDMs (96% of the cells
were positive for F4/80 and CD11b) were harvested and seeded in
complete DMEM for different experiments.

To induce in vitro polarization, BMDMs were plated at a density of
1 x10° cells/well in six-well plates with 2mL of DMEM and allowed to
adhere overnight. The media was then replaced with TCM supplemented
with 25 ng/mL IL-4 or 100 ng/mL LPS. After 4, 8 or 24 h of stimulation, the
macrophages were collected for RNA or protein extraction. For tumor
coculture experiments, AE17 cells were plated at a density of 3 x 10° cells
in a 24-well plate and allowed to attach overnight. Then, 4x 10°
macrophages were seeded onto the cell inserts (0.3 pm pore size) for
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10 min before they were added to the tumor cells. After stimulation with
100 ng/mL LPS for 24h, the macrophages were collected for RNA
extraction. For several experiments, macrophages were cultured with IL-4
in the presence or absence of 25 yM WQ-2101 (SML1970; Sigma), 0.4 mM
serine (Sigma), 1 mM formate (Sigma) or 1 mM DM-aKG (Santa Cruz; sc-
211344) for 24h, after which the cells were harvested for further
experiments as indicated.

Flow cytometry of cells from tumor tissue

Tumors were excised, minced and dissociated in digestion buffer (1 mg/mL
collagenase VIl and 1 mg/mL DNase | in PBS). The tissue was incubated for
30 min at 37 °C with agitation and then filtered through a 70 pm Falcon cell
strainer to remove undigested tumor tissues. Red blood cells were lysed
with ACK lysis buffer. Viable cells were counted after resuspension in WB
buffer (5% FCS, 5mM EDTA, and 20 pg/mL DNase | in PBS without Ca?t/
Mg?™). Subsequently, 2-4 x10° cells in 100 pL of WB buffer were blocked
with Fc blocking solution (anti-mouse CD16/CD32, 1:1000) for 10 min on
ice. The cell suspension was then divided into two parts for macrophage
staining and T-cell staining. For macrophage staining, the cell suspension
was incubated in WB buffer for 30 min on ice with antibodies specific for
CD45 (1:100, 30-F11; BioLegend), F4/80 (1:100, BM8; BioLegend), CD11b
(1:100, M1/70; BioLegend), CD206 (1:100, C068C2; BioLegend), I-A/I-E
(1:100, M5/114.15.2; BioLegend) and PD-L1 (1:100, 10 F.9G2; BioLegend).
For T-cell staining, the cell suspension was incubated in WB buffer for
30 min on ice with antibodies specific for CD45 (1:100, 30-F11; BioLegend),
CD3 (1:100, 17A2; BioLegend), CD25 (1:100, PC61; BioLegend), CD4 (1:100,
GK1.5; BioLegend), and CD8a (1:100, QA17A07; BioLegend). For dead cell
staining, Zombie Aqua (BioLegend) was added to the T cells before the
incubation of antibodies, and 7-AAD (BioLegend) was added to the
macrophages after the incubation of antibodies. For intracellular protein
staining, Perm Fix solution was used for fixation and permeabilization,
followed by FOXP3 (1:100, MF-14, BioLegend) and IFN-y (1:100, XMG1.2,
BioLegend) staining for 30 min at RT. To improve IFN-y staining, exocytosis
was inhibited by keeping the cells in the presence of brefeldin A (10 ug/
mL, BioLegend) during the isolation and staining procedure. The data were
obtained on a BD LSRFortessaTM X-20 cell analyzer (Becton Dickinson) and
processed using FlowJo v10.

TAM isolation using FACS

Tumors were isolated and digested as described above. The cell
suspension was blocked with Fc blocking solution for 20 min on ice. The
cells were subsequently incubated with fluorophore-conjugated antibo-
dies against CD45, CD11b and F4/80 on ice in the dark for 30 min. After the
incubation, the cells were washed with WB buffer and centrifuged at 300
xg for 5min. The cell pellet was resuspended in 500 uL of WB buffer
containing 7-AAD and sorted using a BD FACSMelody™ Cell Sorter. The
CD457CD11b"F4/80" cells were sorted directly into TRI reagent (Thermo
Fisher Scientific; 15596026). Then, RNA was isolated from the sorted cells
following the manufacturer’s instructions.

Cell cycle analysis

After treatment, the BMDMs were incubated with 20 uM BrdU (B5002, Sigma)
in fresh culture medium at 37 °C in a humidified atmosphere (5% CO,). After
2h, the cells were washed twice with PBS (without Ca*"/Mg*") and
harvested. Subsequently, 1 x 10° cells were resuspended in cold (-20°C)
ethanol and fixed overnight at 4 °C. Afterward, the cells were washed and
incubated in 2 M HCL containing 0.5% Triton X-100 at RT. After 30 min, the
cells were washed again and incubated with 0.1 M Na2B407 for 10 min at RT.
After another wash, the cell pellets were resuspended in anti-BrdU antibody
solution (1:25, 3D4; BioLegend) and incubated for 30 min in the dark at RT.
The cells were washed twice in cell staining buffer (BioLegend; 420201) and
resuspended in 100 uL staining buffer containing 5puL 7-AAD solution
(BioLegend; 420403). After a 30 min incubation at RT in the dark, the cells
were analyzed using a FACSAria Il instrument (BD Biosciences).

Immunohistochemistry and immunofluorescence of tumor
sections

Tumor tissues were fixed in 4% formaldehyde, dehydrated, embedded in
paraffin, and sectioned into 4 pum thick slices. To quench endogenous
peroxidases, the sections were incubated with H,0, (0.3% v/v) in PBS for
10 min. Antigen retrieval was performed by boiling the sections in 10 mM
citrate buffer (pH 6.0) for 30 min. Prior to antibody incubation, the sections
were blocked with Ultra V Block solution (UltraVision LP, Thermo Fisher
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Scientific) for 1 hour at RT. The sections were then incubated with a Ki67
antibody (1:200, 28074-1-AP, Proteintech) in a humid chamber for 1 hour at
RT. Antibody binding was detected using the UltraVision LP detection
system according to the manufacturer’s instructions. Subsequently, the
sections were developed with DAB reagent (Dako) and counterstained
with hematoxylin for 30s. In addition, H&E staining was performed as
previously described [54]. The stained slides were scanned using a whole
slide scanner (Pannoramic SCAN I, 3DHISTECH). Evaluation and quantifica-
tion of Ki67-stained cells were performed using Definiens software.

For immunofluorescence (IF) staining, tumor tissues were embedded
and frozen in OCT medium (Sakura Finetek) and sliced into 4 um sections
using a cryomicrotome (Cryostar NX70, Thermo Fisher Scientific). The cryo-
slides were then defrosted and fixed with 4% PFA. To block nonspecific
binding, the tissue slides were incubated with a blocking solution (5% goat
serum, 1% bovine serum albumin and 0.1% or 0.3% Triton X-100 in PBS).
Subsequently, the slides were incubated with antibodies against CD68
(1:800, D4B9C, CST) and p-S6 (1:300, 50. Ser 235/236, Santa Cruz) overnight
or with PHGDH (1:400, D3D5E, CST) and CD3-FITC (1:400, 17A2, CST) for
1.5 h. The samples were washed three times with PBS and subsequently
incubated with fluorescence-labeled secondary antibodies for 1 hour in the
dark. After incubation, the slides were counterstained with 4’,6-diamidine-
2'-phenylindole dihydrochloride (DAPI; Sigma) for 10 min. The tissue slides
were then mounted in nonhardening mounting medium (Vectashield
Mounting Media, Vector). A confocal laser-scanning microscope (LSM 700,
Carl Zeiss) equipped with a 63 A/1.4 oil differential interference contrast
M27 objective lens (Plan Apochromat, Carl Zeiss) was used to analyze the
IF staining. The acquired images were processed using Zeiss ZEN
2.5 software.

RNA extraction and RT-qPCR

After treatment, BMDMs or TAMs were collected, washed twice with PBS
and suspended directly in TRI reagent (Thermo Fisher Scientific). Total RNA
was isolated following the manufacturer’s instructions. The concentration
of RNA was determined using a Qubit 4 Fluorometer (Thermo Fisher
Scientific), a Qubit RNA Broad Range Assay Kit (Invitrogen; Q10210), and a
Nanodrop (Thermo Fisher Scientific). Reverse transcription of RNA was
performed using the GoScript™ Reverse Transcription Kit (Promega) with
1ug of total RNA. The mRNA levels of the target genes were assessed
using Luna Universal gPCR Master Mix (New England Biolab; M3003E) on a
Bio-Rad CFX96 real-time system. The quantification of mRNA expression
was performed via the comparative Ct (2°") method. The Rps9 gene was
used as the internal control. The primer pair sequences used are listed in
Supplementary Table S2.

Enzyme-linked immunosorbent assay (ELISA)

Differentiated BMDMs were seeded at a density of 1 x10° cells per well in a
6-well plate overnight. The media was then replaced with AE17-TCM,
A549-TCM, MDA-MB-231-TCM or HCT116-TCM. After 24 h, cell-free super-
natants were collected. The levels of secreted TGF-f and VEGF in the
supernatants were determined following the manufacturer’s instructions
using a TGF-f ELISA kit (Invitrogen, BMS608-4) and a VEGF ELISA kit (Sigma,
RAB0509-1KT). Respectively. The experiment was performed in three
biological replicates.

Cell viability assay

Phgdh™™ Cx3cri-Cre and Phgdh™® BMDMs were plated at a density of
1 x10* cells/well into a 96-well plate for 24 h. The media were then
replaced with 100 pL of fresh DMEM containing 10% CCK8 (MedChemEx-
press, HY-K0301) for 1 hour. The absorbance was measured at 450 nm by a
microplate reader (Thermo Scientific).

Proliferation assay (CCK8)

Phgdh™® Cx3cri1-Cre, Phgdh™® or WT BMDMs were seeded at a density of 5
x10° cells/well into a 96-well plate and incubated overnight. The media
were subsequently replaced with AE17-TCM, A549-TCM, or AE17-TCM
supplemented with 100 nM rapamycin (MedChemExpress, HY-10219).
CCK8 solution was added as described above, and the absorbance at
450 nm was measured every 24 h for a period of 3 days.

Western blot analysis
Macrophages were homogenized in cold RIPA lysis buffer containing
protease inhibitor cocktails (Sigma; 4693116001) and phosphatase
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PhosStop EASYPack cocktails (Roche; 4906837001) followed by sonication
with a tip-probe sonicator on ice. The concentrations of the proteins were
determined using the bicinchoninic acid (BCA) assay. Equal amounts of
proteins were loaded onto 10% or 12% SDS-PAGE gels, separated by
electrophoresis, and then transferred onto polyvinylidene fluoride (PVDF)
membranes. The membranes were subsequently incubated with primary
antibodies. The protein bands were visualized using an enhanced
chemiluminescence (ECL) system (Amersham Biosciences, Cytiva) and
imaged using an iBright FL1500 Imaging System (Thermo Fisher). The
primary antibodies used were anti-ARG1 (1:1000, sc-47715), p-ribosomal
protein S6 (1:1000, sc-293144), anti-ribosomal protein S6 (1:1000, sc-
74459), and anti-p-4E-BP1 (1:1000, sc-293124); anti-4E-BP1 (1:1000,
sc-81149); anti-p-AKT1/2/3 (1:1000, sc-81433); and anti-AKT1/2/3 (1:1000,
sc-81434) obtained from Santa Cruz; and anti-PHGDH (1:750, 13428), anti-
CCR2 (1:1000, 12199) obtained from CST; and anti-a-Tubulin (1:1000, 1224-
1-AP) and secondary antibodies horseradish peroxidase (HRP)-conjugated
anti-rabbit Ig (H + L) (1:5000, SA00001-2) and HRP-conjugated anti-mouse
Ig(H + L) (1:5000, SA0O0001-1) were purchased from Proteintech.

Macrophage migration assay

In vitro migration assays were performed using tissue culture-treated cell
inserts with 8.0 uM pore size PET membranes (cellQART). A549 or AE17
cancer cells were seeded at a density of 3 x10° cells/well in a 24-well plate
and incubated overnight. For some experiments, 100 nM rapamycin or
1 mM DM-aKG was added to the upper chamber. The media were then
removed, and the cells were washed twice with PBS. Fresh medium
containing 0.5% heat-inactivated FBS was added to the wells. Next, 0.5 X
10° Phgdh™® Cx3cri-Cre or Phgdh™? BMDMs were seeded in 200 uL DMEM
supplemented with 0.5% heat-inactivated FBS on the top of the membrane
chamber and allowed to incubate for 10 min before the chamber was
submerged into the lower compartment of the 24-well plate. After 24 h,
the insert was removed, washed and fixed in 4% paraformaldehyde (PFA)
for 20 min. Nonmigrated cells on the upper side of the membrane were
removed with cotton swabs, and the insert was then submerged in 0.2%
crystal violet solution for 10 min for cell staining. The insert was dried
overnight following washing with tap water. The migrated cells were
photographed in 6 random fields and quantified manually by counting
single cells under a Nikon ECLIPSE Ti2 microscope (Nikon).

Seahorse extracellular flux analysis

The macrophage OCR and ECAR were measured as previously described
[55]. Briefly, Phgdh™" Cx3cri-Cre and Phgdh™" BMDMs were plated in
6-well plates at a density of 1 x 10° cells per well. After incubating with
TCM for 24 h, the cells were scraped and transferred to Cell-Tak (Corning)-
precoated XF24e-cell culture plates for immediate adhesion with XF assay
medium (Agilent Technologies). Before the measurements were taken, the
cells were placed in a CO,free incubator at 37°C for 1hour. In the
meantime, a utility plate containing 1mL of calibrant solution was
prepared to hydrate the XF extracellular flux cartridge. The utility plate was
incubated overnight in a CO,-free incubator at 37°C. Following the
instructions of the glycolysis stress assay from Agilent, glucose (30 mM),
oligomycin (30 pM) and 2-deoxy-D-glucose (2-DG, 50 mM) were added to
each well. Real-time extracellular acidification (ECAR) was measured using
a seahorse analyzer. For the mitochondrial stress assay, the cells were
incubated in XF assay medium supplemented with 2 mM glutamine, 1 mM
pyruvate and 25mM glucose. The final concentrations of oligomycin
(3 uM), FCCP (3 pM), and a mixture of rotenone/antimycin A (0.5 uM) were
injected into ports A, B, and C, respectively. The data were monitored for
the ECAR and OCR, and the values were normalized to the cell number.

RNA-seq and bioinformatics analysis

Phgdh™® Cx3cr1-Cre and Phgdh™ BMDMs were seeded in a 6-well plate at
a density of 1 x10° cells per well. After incubating with AE17-TCM for 24 h,
total RNA was isolated using TRIzol reagent according to the manufac-
turer's instructions. Library preparation was carried out at the Next
Generation Sequencing (NGS) unit of the Vienna Biocenter Core Facility
(VBCF, Vienna, Austria). The NEBNext Ultra Directional RNA Library Prep Kit
(New England Biolabs) was used for preparing the sequencing libraries.
The average length of the pooled libraries was 330-360 bp, and the
libraries were sequenced on a NextSeg550 instrument (lllumina) using
the 1 x75 bp sequencing mode. The RNA-Seq reads were mapped to the
reference mouse mm10 genome using TopHat2 [56] and fragments per
kilobase of transcript per million fragments mapped (FPKM) were
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calculated via HT-seq [57]. The differential gene expression analysis was
conducted by DESeq_2 [58] with the following statistical cutoffs: genes with
low counts greater than 10, adjusted p value less than 0.05, and an
absolute log2-fold change greater than 1.5.

siRNA transfection

Psat1 siRNA was obtained from Santa Cruz, and siRNA transfection was
performed as described earlier [55]. Briefly, RAW 264.7 macrophages were
seeded onto a 6-well plate at a density of 0.6 x 10° cells/well. Once the
cells reached 70-80% confluence, they were transfected with either
control siRNA or Psatl siRNA using Lipofectamine 3000 Transfection
Reagent (Invitrogen) according to the manufacturer’s instructions. After
48 h of transfection, the cells were gently washed with PBS and then
incubated in AE17-TCM supplemented with or without DM-aKG for 24 h.
The cells were subsequently harvested for analysis of mRNA expression
and metabolites.

Pulsed stable isotope-resolved metabolomics

Stable isotope tracing experiments were performed as described
previously with some modifications [59]. Briefly, differentiated BMDMs
were seeded at a density of 1 x10° cells per well in DMEM and incubated
overnight. The medium was then replaced with AE17-TCM, and the cells
were incubated for 24 h. Two hours prior to harvest, a second medium was
used to expose the cells to DMEM without glucose or serine (D9802-01,
USBiological) supplemented with 4.5g/L U-["*Cl-glucose (Cambridge
Isotope Laboratories; CLM-1396), 04mM U-['3C]-serine (Cambridge
Isotope Laboratories; CLM-1574-H) or 1 mM U-[‘3C]—glutamine (Cambridge
Isotope Laboratories; CLM-1822-H). The cells were washed twice with
HEPES buffer (5 mM HEPES, 100 mM NaCl, pH 7.4) and quenched by adding
1 mL of 50% precooled methanol (—80 °C) containing 2.5 nM phenyl 3-D-
glucopyranoside (Sigma) as an internal control. Cell lysates were collected
in polypropylene tubes by scraping, followed by the addition of 200 pL of
chloroform. The samples were shaken for 1 hour at 4 °C. After centrifuga-
tion, the supernatant was transferred to a new tube and dried in a
SpeedVac (Labogene). Next, 15uL of methoxyamine hydrochloride
solution (40 mg/mL in pyridine) was added to the dried fraction, and the
mixture was then incubated for 90 min at 30 °C. Subsequently, 60 pL of N-
methyl-N-trimethylsilyltrifluoroacetamide (MSTFA) was added, and the
mixture was incubated for 30 min at 37°C. The reaction mixture was
centrifuged for 10 min at 4 °C and 21,000 x g, after which the supernatants
were transferred to glass vials with microinserts. The metabolites were
measured using GC-MS following standard protocols [60]. Data processing
and natural 'C labeling correction were performed using the Data
Extraction for Stable Isotope-labeled metabolites (DExSI) software [61]. The
default settings were used except for the following parameters. The
number of points on either side of the apex and scan window was set to
10. Mass isotopomer fraction labeling was determined by integrating
metabolite ion fragments (Supplementary Table S3).

Metabolomic analysis by GC-MS and LC-MS

Cellular metabolites were extracted and analyzed according to previously
established methods with modifications [53]. Briefly, Phgdh™® Cx3cri-Cre
and Phgdh™® BMDMs were seeded at a density of 1 x 10° cells/well in
DMEM and incubated overnight. The medium was then replaced with
AE17-TCM for 24 h. The cells were washed twice with 0.9% NaCl and
guenched by adding 80% ice-cold methanol containing 2.5 nM phenyl -
D-glucopyranoside (GC-MS) or 10 nM ampicillin (LC-MS) as the internal
extraction standard. The extraction samples were incubated for 15 min at
4°C and then centrifuged for 10 min at 21,000 x g. The supernatant was
transferred to a fresh polypropylene tube and dried in a SpeedVac. The cell
pellets were lysed in RIPA buffer, after which the protein levels were
measured for normalization purposes. For measurements of aKG, serine
and glycine levels in the blood of Phgdh™® Cx3cr1-Cre and Phgdh™f tumor-
bearing mice, blood was drawn weekly from the facial vein and incubated
for 2 h at 4 °C. Then, 10 pL of serum was collected after centrifugation, and
metabolites were extracted in 1 mL of precooled methanol. The extraction
samples were incubated for 15 min at 4 °C, and then centrifuged for 10 min
at 21,000 x g. The supernatants were subsequently dried in a SpeedVac
system. For GC-MS analysis, sample derivatization was carried out as
described above. The injection volume of each sample was 1 pL, and the
samples were injected at a 1:5 split ratio. The total ion chromatogram was
deconvoluted, and peak alignment and integration were performed using
the software MS-DIAL [62].
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LC-MS analysis was performed using an UltiMate 3000 UHPLC System
(Thermo Scientific) coupled to an LTQ-Orbitrap Elite mass spectrometer
(Thermo Scientific). The extracted samples were dissolved in MS buffer
(10 mM NH,;OAc in mgH,0 and 2% methanol, pH 6.9) and then centrifuged
for 10 min at 21,000 x g. The supernatant was subsequently transferred to
HPLC vials. The sample was separated using a Thermo Scientific™
Accucore™ Vanquish C-18+ (100 x 2.1 mm, 1.5 um particle size) UHPLC
column equipped with a Thermo Scientific™ Accucore™ Defender C18
guard cartridge (10 x 2.1 mm, 2.6 um particle size). The sample injection
volume was 5 pL. The mobile phase system consisted of a mixture of
solvent A (10 mM NH40Ac in mgH20, pH 6.9) and solvent B (LC-MS grade
methanol). A gradient elution method was used for the analysis: 0-1 min
5% B, 5-30 min linear gradient to 85% B, 0.1 min back to 0% B, 10 min 0%
B. The flowrate was set to 0.25 mL/min, and the column oven temperature
was 30°C. MS analysis was performed with the following ion source
parameters: spray voltage, 4 kV; capillary temperature, 350 °C; sheath gas,
35; and auxiliary gas, 10. Mass spectrometry was performed in positive ion
mode. The full MS scan range was 100-1200 m/z with a resolution of
120,000. The normalized collision energy for collision-induced dissociation
(CID) was set to 35%. Xcalibur software (Thermo Scientific) and MS-DIAL
were used for data analysis and interpretation.

Statistical analysis

All of the data are presented as mean + SEM unless otherwise noted. All of
the statistical analyses were performed using Prism v9 (GraphPad Software)
or Excel (Microsoft). Statistical significance was analyzed using an unpaired
Student's t test or two-way ANOVA with Tukey’s multiple comparisons test.
Differences with p < 0.05 were considered to be statistically significant.

DATA AVAILABILITY

All of the data from this manuscript are available from the corresponding author upon
request. RNA sequence data that support the findings of this study have been
deposited in the Gene Expression Omnibus (GEO) under accession number GSE 236357.

REFERENCES

1. Glass CK, Natoli G. Molecular control of activation and priming in macrophages.
Nat Immunol. 2016;17:26-33.

2. Kloosterman DJ, Akkari L. Macrophages at the interface of the co-evolving cancer
ecosystem. Cell. 2023;186:1627-51.

3. Williams CB, Yeh ES, Soloff AC. Tumor-associated macrophages: unwitting
accomplices in breast cancer malignancy. NPJ Breast Cancer. 2016;2:1-12.

4. Dehne N, Mora J, Namgaladze D, Weigert A, Briine B. Cancer cell and macro-
phage cross-talk in the tumor microenvironment. Curr Opin Pharmacol.
2017;35:12-19.

5. Cassetta L, Pollard JW. Targeting macrophages: therapeutic approaches in cancer.
Nat Rev Drug Discov. 2018;17:887-904.

6. Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF, et al.
CSF-1R inhibition alters macrophage polarization and blocks glioma progression.
Nat Med. 2013;19:1264-72.

7. DeNardo DG, Brennan DJ, Rexhepaj E, Ruffell B, Shiao SL, Madden SF, et al.
Leukocyte complexity predicts breast cancer survival and functionally regulates
response to chemotherapy. Cancer Discov. 2011;1:54-67.

8. Buchbinder El, Desai A. CTLA-4 and PD-1 pathways: similarities, differences, and
implications of their inhibition. Am J Clin Oncol. 2016;39:98.

9. Beatty GL, Chiorean EG, Fishman MP, Saboury B, Teitelbaum UR, Sun W, et al.
CD40 agonists alter tumor stroma and show efficacy against pancreatic carci-
noma in mice and humans. Science. 2011;331:1612-6.

10. Weiskopf K, Jahchan NS, Schnorr PJ, Cristea S, Ring AM, Maute RL, et al. CD47-
blocking immunotherapies stimulate macrophage-mediated destruction of
small-cell lung cancer. J Clin Investig. 2016;126:2610-20.

11. Havel JJ, Chowell D, Chan TA. The evolving landscape of biomarkers for check-
point inhibitor immunotherapy. Nat Rev Cancer. 2019;19:133-50.

12. O'Neill LAJ, Kishton RJ, Rathmell J. A guide to immunometabolism for immu-
nologists. Nat Rev Immunol. 2016;16:553-65.

13. Arango Duque G, Descoteaux A. Macrophage cytokines: involvement in immu-
nity and infectious diseases. Front Immunol. 2014;5:491.

14. Wynn TA, Chawla A, Pollard JW. Macrophage biology in development, home-
ostasis and disease. Nature. 2013;496:445-55.

15. Martinez FO, Gordon S, Locati M, Mantovani A. Transcriptional profiling of the
human monocyte-to-macrophage differentiation and polarization: new mole-
cules and patterns of gene expression. J Immunol. 2006;177:7303-11.

Cellular & Molecular Immunology

Z. Cai et al.

16. Wilson JL, Nagele T, Linke M, Demel F, Fritsch SD, Mayr HK, et al. Inverse data-
driven modeling and multiomics analysis reveals phgdh as a metabolic check-
point of macrophage polarization and proliferation.  Cell  Rep.
2020;30:1542-52.e1547.

17. Poczobutt JM, De S, Yadav VK, Nguyen TT, Li H, Sippel TR, et al. Expression
profiling of macrophages reveals multiple populations with distinct biological
roles in an immunocompetent orthotopic model of lung cancer. J Immunol.
2016;196:2847-59.

18. Raines LN, Zhao H, Wang Y, Chen H-Y, Gallart-Ayala H, Hsueh P-C, et al. PERK is a
critical metabolic hub for immunosuppressive function in macrophages. Nat
Immunol. 2022;23:431-45.

19. Rodriguez AE, Ducker GS, Billingham LK, Martinez CA, Mainolfi N, Suri V, et al.
Serine metabolism supports macrophage IL-18 production. Cell Metab.
2019;29:1003-11.e1004.

20. Yu W, Wang Z, Zhang K, Chi Z, Xu T, Jiang D, et al. One-carbon metabolism
supports S-adenosylmethionine and histone methylation to drive inflammatory
macrophages. Mol cell. 2019;75:1147-60. e1145.

21. Sharif O, Bolshakov VN, Raines S, Newham P, Perkins ND. Transcriptional profiling
of the LPS induced NF-kB response in macrophages. BMC Immunol. 2007;8:1-17.

22. Yamamoto T, Nishizaki I, Nukada T, Kamegaya E, Furuya S, Hirabayashi Y, et al.
Functional identification of ASCT1 neutral amino acid transporter as the pre-
dominant system for the uptake of L-serine in rat neurons in primary culture.
Neurosci Res. 2004;49:101-11.

23. Foster AC, Rangel-Diaz N, Staubli U, Yang J-Y, Penjwini M, Viswanath V, et al.
Phenylglycine analogs are inhibitors of the neutral amino acid transporters
ASCT1 and ASCT2 and enhance NMDA receptor-mediated LTP in rat visual cortex
slices. Neuropharmacology. 2017;126:70-83.

24. Zhang Q, He Y, Luo N, Patel SJ, Han Y, Gao R, et al. Landscape and dynamics of
single immune cells in hepatocellular carcinoma. Cell. 2019;179:829-45.e820.

25. Yona S, Kim K-W, Wolf Y, Mildner A, Varol D, Breker M, et al. Fate mapping reveals
origins and dynamics of monocytes and tissue macrophages under homeostasis.
Immunity. 2013;38:79-91.

26. Penny HL, Sieow JL, Adriani G, Yeap WH, See Chi Ee P, San Luis B, et al. Warburg
metabolism in tumor-conditioned macrophages promotes metastasis in human
pancreatic ductal adenocarcinoma. Oncoimmunology. 2016;5:1191731.

27. Yang M, Vousden KH. Serine and one-carbon metabolism in cancer. Nat Rev
Cancer. 2016;16:650-62.

28. Ye J, Mancuso A, Tong X, Ward PS, Fan J, Rabinowitz JD, et al. Pyruvate kinase M2
promotes de novo serine synthesis to sustain mTORC1 activity and cell pro-
liferation. Proc Natl Acad Sci. 2012;109:6904-9.

29. Kurniawan H, Franchina DG, Guerra L, Bonetti L, Soriano-Baguet L, Grusdat M,
et al. Glutathione restricts serine metabolism to preserve regulatory T cell func-
tion. Cell Metab. 2020;31:920-36.e927.

30. Bernfeld E, Menon D, Vaghela V, Zerin |, Faruque P, Frias MA, et al. Phospholipase
D-dependent mTOR complex 1 (mTORC1) activation by glutamine. J Biol Chem.
2018;293:16390-401.

31. Rinaldi G, Pranzini E, Van Elsen J, Broekaert D, Funk CM, Planque M, et al. In vivo
evidence for serine biosynthesis-defined sensitivity of lung metastasis, but not of
primary breast tumors, to mTORC1 inhibition. Mol cell. 2021;81:386-97.e387.

32. Zhang S-Y, Song X-Y, Li Y, Ye L-L, Zhou Q, Yang W-B. Tumor-associated macro-
phages: A promising target for a cancer immunotherapeutic strategy. Pharmacol
Res. 2020;161:105111.

33. Li T, Fu J, Zeng Z, Cohen D, Li J, Chen Q, et al. TIMER2. 0 for analysis of tumor-
infiltrating immune cells. Nucleic acids Res. 2020;48:W509-W514.

34. Possemato R, Marks KM, Shaul YD, Pacold ME, Kim D, Birsoy K, et al. Functional
genomics reveal that the serine synthesis pathway is essential in breast cancer.
Nature. 2011;476:346-50.

35. Locasale JW, Grassian AR, Melman T, Lyssiotis CA, Mattaini KR, Bass AJ, et al.
Phosphoglycerate dehydrogenase diverts glycolytic flux and contributes to
oncogenesis. Nat Genet. 2011;43:869-74.

36. Ma EH, Bantug G, Griss T, Condotta S, Johnson RM, Samborska B, et al. Serine is an
essential metabolite for effector T cell expansion. Cell Metab. 2017;25:345-57.

37. Wang LW, Shen H, Nobre L, Ersing |, Paulo JA, Trudeau S, et al. Epstein-Barr-virus-
induced one-carbon metabolism drives B cell transformation. Cell Metab.
2019;30:539-55.e511.

38. Vandekeere S, Dubois C, Kalucka J, Sullivan MR, GarcYa-Caballero M, Goveia J,
et al. Serine synthesis via PHGDH is essential for heme production in endothelial
cells. Cell Metab. 2018;28:573-87.e513.

39. Maddocks OD, Berkers CR, Mason SM, Zheng L, Blyth K, Gottlieb E, et al. Serine
starvation induces stress and p53-dependent metabolic remodelling in cancer
cells. Nature. 2013;493:542-6.

40. Wang Q, Liberti MV, Liu P, Deng X, Liu Y, Locasale JW, et al. Rational design of
selective allosteric inhibitors of PHGDH and serine synthesis with anti-tumor
activity. Cell Chem Biol. 2017;24:55-65.

SPRINGER NATURE

17



Z. Cai et al.

18

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

Pacold ME, Brimacombe KR, Chan SH, Rohde JM, Lewis CA, Swier LJ, et al. A
PHGDH inhibitor reveals coordination of serine synthesis and one-carbon unit
fate. Nat Chem Biol. 2016;12:452-8.

Mullarky E, Lucki NC, Beheshti Zavareh R, Anglin JL, Gomes AP, Nicolay BN, et al.
Identification of a small molecule inhibitor of 3-phosphoglycerate dehy-
drogenase to target serine biosynthesis in cancers. Proc Natl Acad Sci.
2016;113:1778-83.

Ngo B, Kim E, Osorio-Vasquez V, Doll S, Bustraan S, Liang RJ, et al. Limited
Environmental Serine and Glycine Confer Brain Metastasis Sensitivity to PHGDH
InhibitionPHGDH  Inhibition Suppresses Brain Metastasis. Cancer Discov.
2020;10:1352-73.

Miller AK, Kohler UA, Trzebanski S, Vinik Y, Raj HM, Girault JA, et al. Mouse
Modeling Dissecting Macrophage-Breast Cancer Communication Uncovered
Roles of PYK2 in Macrophage Recruitment and Breast Tumorigenesis. Adv Sci.
2022;9:2105696.

Van den Bossche J, O'Neill LA, Menon D. Macrophage immunometabolism: where
are we (going)? Trends Immunol. 2017;38:395-406.

Andrejeva G, Rathmell JC. Similarities and distinctions of cancer and immune
metabolism in inflammation and tumors. Cell Metab. 2017;26:49-70.

Kurita K, Ohta H, Shirakawa |, Tanaka M, Kitaura Y, Iwasaki Y, et al. Macrophages
rely on extracellular serine to suppress aberrant cytokine production. Sci Rep.
2021;11:1-14.

Chen S, Xia Y, He F, Fu J, Xin Z, Deng B, et al. Serine Supports IL-1f production in
macrophages through mTOR signaling. Front Immunol. 2020;11:1866.

Shen L, Hu P, Zhang Y, Ji Z, Shan X, Ni L, et al. Serine metabolism antagonizes
antiviral innate immunity by preventing ATP6V0d2-mediated YAP lysosomal
degradation. Cell Metab. 2021;33:971-87. e976.

Shan X, Hu P, Ni L, Shen L, Zhang Y, Ji Z, et al. Serine metabolism orchestrates
macrophage polarization by regulating the IGF1-p38 axis. Cell Mol Immunol.
2022;19:1263-78.

Liu P-S, Wang H, Li X, Chao T, Teav T, Christen S, et al. a-ketoglutarate orches-
trates macrophage activation through metabolic and epigenetic reprogramming.
Nat Immunol. 2017;18:985-94.

Ben-Sahra |, Hoxhaj G, Ricoult SJ, Asara JM, Manning BD. mTORC1 induces purine
synthesis through control of the mitochondrial tetrahydrofolate cycle. Science.
2016;351:728-33.

Cai Z, Li W, Brenner M, Bahiraii S, Heiss EH, Weckwerth W. Branched-chain
ketoacids derived from cancer cells modulate macrophage polarization and
metabolic reprogramming. Front Immunol. 2022;13:966158.

Feldman AT, Wolfe D. Tissue processing and hematoxylin and eosin staining.
Histopathology. 2014:31-43.

Li W, Cai Z, Schindler F, Bahiraii S, Brenner M, Heiss EH, et al. Norbergenin
prevents LPS-induced inflammatory responses in macrophages through inhibit-
ing NFkB, MAPK and STAT3 activation and blocking metabolic reprogramming.
Front Immunol. 2023;14:1117638.

Kim D, Pertea G, Trapnell C, Pimentel H, Kelley R, Salzberg SL. TopHat2: accurate
alignment of transcriptomes in the presence of insertions, deletions and gene
fusions. Genome Biol. 2013;14:1-13.

Anders S, Pyl PT, Huber W. HTSeq—a Python framework to work with high-
throughput sequencing data. Bioinformatics. 2015;31:166-9.

Love MI, Huber W, Anders S. Moderated estimation of fold change and dispersion
for RNA-seq data with DESeq2. Genome Biol. 2014;15:1-21.

Arlt B, Mastrobuoni G, Wuenschel J, Astrahantseff K, Eggert A, Kempa S, et al.
Inhibiting PHGDH with NCT-503 reroutes glucose-derived carbons into the TCA
cycle, independently of its on-target effect. J Enzym Inhib Med Chem.
2021;36:1282-9.

Weckwerth W, Wenzel K, Fiehn O. Process for the integrated extraction, identi-
fication and quantification of metabolites, proteins and RNA to reveal their co-
regulation in biochemical networks. Proteomics. 2004;4:78-83.

Dagley MJ, McConville MJ. DExSI: a new tool for the rapid quantitation of 13C-
labelled metabolites detected by GC-MS. Bioinformatics. 2018;34:1957-8.
Tsugawa H, Cajka T, Kind T, Ma Y, Higgins B, lkeda K, et al. MS-DIAL: data-
independent MS/MS deconvolution for comprehensive metabolome analysis. Nat
Methods. 2015;12:523-6.

SPRINGER NATURE

ACKNOWLEDGEMENTS

We thank Bianca Montsch, Martin Brenner, Sheyda Bahiraii and Hemma Schueffl for
their experimental assistance. We thank Gerhard Zeitler for assistance with the mouse
experiments. We would also like to thank Gerald Timelthaler for support with the
microscopic and histological studies and Johannes Reisecker and Christian Winter for
assistance with the flow cytometry analysis. ZC and WL were supported by Ph.D.
scholarships provided by the China Scholarship Council (CSC) (Grant numbers:
201806500012 and 201908320480) and Completion Grants from the Vienna Doctoral
School of Ecology and Evolution (VDSEE). Part of this work was supported by the
Austrian Science Fund (FWF) grants P32600 (EHH), ESP87 (SH), P30857-B28 (TW),
P34023-B (TW), FWF Sonderforschungsbereich F83 (TW), and the Vienna Science and
Technology Fund (WWTF) grant LS18-058 (TW).

AUTHOR CONTRIBUTIONS

WW and ZC conceived and designed the study; ZC and WL contributed equally to
this work. ZC, WL and SH performed the experiments; EHH and PH provided
necessary tools and various areas of expertise and supported the experiments; JLW
and TW generated the Phgd " Cx3cr1-Cre mice; LA-S developed the LC-MS method
and performed and supervised the LC-MS analysis; and ZC wrote the manuscript
with WL and WW. All the authors read, revised, and agreed on the final version of the
manuscript.

FUNDING

Open access funding provided by University of Vienna.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41423-024-01134-0.

Correspondence and requests for materials should be addressed to Wolfram
Weckwerth.

Reprints and permission information is available at http://www.nature.com/
reprints

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Cellular & Molecular Immunology


https://doi.org/10.1038/s41423-024-01134-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Targeting PHGDH reverses the immunosuppressive phenotype of tumor-associated macrophages through α-ketoglutarate and mTORC1 signaling
	Introduction
	Results
	PHGDH supports macrophage immunosuppression
	PHGDH contributes to M2-like TEM polarization and macrophage proliferation
	PHGDH suppression impairs TAM infiltration and tumor�growth
	PHGDH suppression drives macrophage metabolic reprogramming
	De novo serine synthesis promotes αKG-dependent immunosuppressive macrophage activation
	αKG generated by SSP supports mTORC1 signaling
	PHGDH depletion in macrophages reduces their crosstalk with tumor�cells

	Discussion
	Limitations of the�study

	Methods
	Animals and tumor experiments
	Cell culture
	Conditioned media preparation
	Macrophage isolation and in�vitro polarization
	Flow cytometry of cells from tumor�tissue
	TAM isolation using�FACS
	Cell cycle analysis
	Immunohistochemistry and immunofluorescence of tumor sections
	RNA extraction and RT‒qPCR
	Enzyme-linked immunosorbent assay (ELISA)
	Cell viability�assay
	Proliferation assay�(CCK8)
	Western blot analysis
	Macrophage migration�assay
	Seahorse extracellular flux analysis
	RNA-seq and bioinformatics analysis
	siRNA transfection
	Pulsed stable isotope-resolved metabolomics
	Metabolomic analysis by GC‒MS and�LC‒MS
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




