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PHGDH/SYK: a hub integrating anti-fungal immunity and serine
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Immune cells modify their metabolic pathways in response to fungal infections. Nevertheless, the biochemical underpinnings need to
be better understood. This study reports that fungal infection drives a switch from glycolysis to the serine synthesis pathway (SSP) and
one-carbon metabolism by inducing the interaction of spleen tyrosine kinase (SYK) and phosphoglycerate dehydrogenase (PHGDH).
As a result, PHGDH promotes SYK phosphorylation, leading to the recruitment of SYK to C-type lectin receptors (CLRs). The CLR/SYK
complex initiates signaling cascades that lead to transcription factor activation and pro-inflammatory cytokine production. SYK
activates SSP and one-carbon metabolism by inducing PHGDH activity. Then, one-carbon metabolism supports S-adenosylmethionine
and histone H3 lysine 36 trimethylation to drive the production of pro-inflammatory cytokines and chemokines. These findings reveal
the crosstalk between amino acid metabolism, epigenetic modification, and CLR signaling during fungal infection.
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INTRODUCTION
Human health is severely threatened by fungal infections, particu-
larly in immunocompromised individuals, such as those who have
human immunodeficiency virus infections, primary immunological
deficiencies, are undergoing chemotherapy, or have received an
organ transplant [1, 2]. The two most common opportunistic fungal
infections that affect people are Candida albicans and Aspergillus
fumigatus (Af) [3, 4]. Although several anti-fungal medications work
well, drug resistance is quickly developing, which is becoming an
increasing concern [5]. Both Af infections and C. albicans have death
rates higher than 30% [5]. Toll-like receptors (TLRs) and CLRs are two
examples of pattern recognition receptors that host cells utilize to
identify pathogen-associated molecular patterns from fungi during
fungal infection [6]. Dectins-1, -2, -3, and mincle are among the CLRs
identifying β-glucan, α-mannan, and fungal glycolipids in that order
[7]. Protein kinase C-δ (PKC-δ) is activated through CLR agonist
ligation and spleen tyrosine kinase (SYK) recruitment that follows [8].
The development of domain-containing protein 9 (CARD9), B cell
lymphoma/leukemia 10 (BCL10), and mucosa-associated lymphoid
tissue 1 (MALT1) is facilitated by signaling via PKC-δ [9].
Subsequently, pro-inflammatory cytokines and chemokines are
produced when the CARD9/BCL10/MALT1 complex activates
mitogen-activated protein kinase with NF-κB and NFAT transcription
factors [10]. By dephosphorylating SYK, tyrosine phosphatase SHP-1
adversely regulates SYK activity [11].

It was discovered sixty years ago that children with acute
lymphoblastic leukemia could experience remission while using
the folate antagonist aminopterin [12]. Since then, there has been
substantial investigation into the significance of one-carbon
metabolism in cancer. Cells can produce one-carbon units through
one-carbon metabolism, which depends on the folate and
methionine cycles and is necessary for producing lipids, amino
acids, and S-adenosylmethionine (SAM) [13, 14]. The latter is the
primary source of methyl for cellular methylation reactions [15].
Several processes, such as the metabolism of choline, serine, and
other amino acids to glycine, produce one-carbon units [16]. One
non-essential amino acid that can be produced de novo from
glucose is serine [17]. Three different metabolic routes process
glucose when it is internalized through GLUT: glycolysis, the serine
synthesis pathway (SSP), and the pentose phosphate pathway
(PPP) [18]. At the first committed stage of glucose metabolism, the
PPP diverges from glycolysis to produce ribonucleotides [19]. The
PPP also maintains cellular redox homeostasis by reducing
glutathione (GSH) by producing nicotinamide adenine dinucleo-
tide phosphate (NADPH) [20]. Phosphoglycerate dehydrogenase
(PHGDH), phosphoserine aminotransferase 1 (PSAT1), and phos-
phoserine phosphatase (PSPH) are the three metabolic enzymes
that drive the synthesis of serine from 3-phosphoglycerate (3PG)
[21]. Next, the methyltransferases SHMT1 and SHMT2 convert
serine to glycine, which causes the one-carbon unit to be cleaved
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Fig. 1 Fungal infections drive glucose flux from glycolysis to the SSP and one-carbon metabolism. A Schematic of 13C-glucose carbon
labeling through glycolysis, the SSP, folate cycle, the methionine cycle, and SAM generation. BMDMs were infected with or without Af for 6 h.
13C-glucose incorporation into G6P B, 3PG C, PEP D, pyruvate E, lactate F, serine G, glycine H, methionine I, SAM and SAH J were analyzed
(n= 3 mice per condition, two-way ANOVA, mean ± SEM). K Schematic of derivation and contribution of carbon atoms in SAM synthesis
(green, carbon atoms resourced from the PPP; blue, carbon atoms from glycine; yellow, carbon atoms from one-carbon metabolism; CHO-THF,
10-formyl tetrahydrofolate). L BMDMs were infected with or without Af for 6 h. 13C-glucose incorporation into and ATP were analyzed (n= 3
mice per condition, two-way ANOVA, mean ± SEM). (**P < 0.01, *P < 0.05, n.s., not significant). See also Fig. S1.
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from serine and transferred to tetrahydrofolate (THF) [22]. Formyl-
THF, methyl-THF, and methylene-THF are produced by THF
accepting one carbon unit [23]. These compounds provide one
carbon unit for purine synthesis, the methionine recycling
pathway, and thymidylate synthesis [23]. Methylenetetrahydrofo-
late dehydrogenase, or MTHFD, facilitates the conversion of
methylene-THF to formyl-THF during anabolism, which is neces-
sary for purine biosynthesis [24].
The Warburg shift and glutamine metabolism are necessary for

anti-fungal immune responses [25]. One-carbon units, however,

have not yet been demonstrated to act as immunomodulators of
innate immunity against fungi. In this study, we observed the
synergistic effects of PPP, SSP, and one-carbon metabolism on anti-
fungal innate immunity by modulating the availability of SAM to
support the epigenetic reprogramming of histone methylation. SYK
associates with PHGDH during fungal infection, shifting glucose
metabolism from glycolysis to SSP and one-carbon metabolism.
These results imply that during fungal infection, there is a direct
connection between the “immune state,” the “metabolic state,” and
the “chromatin state.”

Fig. 2 The SSP, one-carbon metabolism, and SAM are required for anti-fungal innate immunity. A BMDMs were infected with or without Af
and treated with or without PHGDH inhibitors (50 mM) for 6 h. Levels of pro-inflammatory cytokines were measured using ELISA. B BMDMs
were infected with or without Af and treated with or without the indicated concentration of RZ2994. Levels of TNF-α and IL-6 were measured
using ELISA, and levels of SAM were measured using LC-MS. C Experiments were performed as described in (B), except the indicated
concentration of PF9366 was used. D Experiments were performed as described in A, except 3DZA (1 μM) was used. E C57BL/6 mice were
infected with or without Af and treated with or without NCT503 (50mg/kg), RZ2944 (30 mg/kg), PF9366 (15mg/kg) or 3DZA (10mg/kg) for
24 h. Levels of TNF-α and IL-6 in the lung were measured using ELISAs. F Experiments were performed as described in E. Survival curves show
Values collected until day ten after infection. Statistical analysis was performed using the log-rank test (n= 5 for each group). Values in A–E are
presented as means ± SEMs, n= 4 per condition, two-way ANOVA. (**P < 0.01). See also Fig. S2.

X. Zhang et al.

3

Cell Death & Differentiation



RESULTS
Fungal infection shifts energy metabolism to PPP, SSP, and
one-carbon metabolism
To ascertain the impact of fungal infection on glucose
metabolism reprogramming, we conducted measurements of
13C-glucose incorporation through glycolysis, the PPP, the SSP,

and one-carbon metabolism (Fig. 1A). Af-infected bone marrow-
derived macrophages (BMDMs) displayed higher 13C-glucose
incorporation into glucose-6-phosphate (G6P), 3PG, pyruvate,
lactate, serine, glycine, and methionine; however, not phos-
phoenolpyruvate (PEP) (Fig. 1B–I), indicates increased glycolytic
flow to the SSP and one-carbon metabolism. Notably, Af-infected
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BMDMs had low labeling of m+ 1 methionine and high
unlabeled m+ 0 methionine, suggesting that uptake of exo-
genous methionine expanded the intracellular methionine pool
(Fig. 1I). Glucose-derived SAM synthesis and the result of SAM
demethylation (S-adenosylhomocysteine, or SAH) via two
different pathways: one provides materials needed for de novo
ATP synthesis, including the two carbons that glycine donates
and the two one-carbon units that the THF cycle produces. The
other function as methyl donors to facilitate homocysteine’s re-
methylation. (Figs. 1J and 1K). In this vein, Af infection increased
the m+ 5 labeled SAM (via the PPP), and m+ 6–9 (via both the
PPP and SSP) labeled SAM and SAH, suggesting that the
methionine cycle is unlikely to be supported by glucose-derived
one-carbon units (Fig. 1J). Further study revealed that Af
infection mildly increased the m+ 6–9 labeled ATP, suggesting
that PPP, glycine, and THF cycle are involved in synthesizing
glucose-derived SAM (Fig. 1K and 1L).
Since most of the Af-induced intracellular rise in serine was

unlabeled (Fig. 1G and 1H), we speculate that additional
mechanisms for serine entrance into one-carbon metabolism
may exist. As shown in Fig. S1A, extracellular serine (m+ 3) and
glycine (m+ 2) uptake were increased during Af infection.
Af infection-derived 13C-serine was incorporated into ADP,
ATP, SAM, and SAH (Fig. S1B). As anticipated, exogenous
13C-serine did not contribute to the methionine cycle (Fig. S1C).
Next, we investigated whether Af infection would regulate
inflammatory factors expression levels and essential markers of
the SSP, PPP, and redox homeostasis. Accordingly, Af infection
induced TNF-α and IL-6 protein levels in a time-dependent
manner (Fig. S1D). Consistently, Af infection induced the activity
of PHGDH and levels of serine, glycine, GSH/glutathione
disulfide (GSSG) ratio, and the NADPH/NADP+ ratio in a time-
dependent manner (Fig. S1E–G). Similar results were obtained in
C. albicans-infected BMDMs (Fig. S1H–S1K). These findings
suggest that fungal infection induced the glycolysis offshoots
to the PPP, the SSP, and one-carbon metabolism, leading to SAM
generation.

The PPP, the SSP, and one-carbon metabolism are critical for
anti-fungal innate immunity
The first rate-limiting enzyme of the SSP is called PHGDH. Its
selective inhibitors include NCT502, NCT503, and CBR5884 (CBR)
[26](Fig. 2A). These pathways, which were primarily impacted by
NCT503 and CBR treatment, were linked to the inflammatory
response and host defense, according to RNA- sequencing and
pathway analysis (Fig. S2A and S2B). Consistently, Af-stimulated
TNF-α, IL-6, and SAM levels were decreased in BMDMs treated with
NCT502, NCT503, and CBR (Figs. 2A and S2C). It was recently
identified that RZ-2994 inhibits both Shmt1 and Shmt2 [27] (Fig. 2B).
RZ-2994 also inhibited Af-induced TNF-α, IL-6, and SAM in a dose-
dependent manner (Fig. 2B). SAM is generated frommethionine via
methionine adenosyltransferase (Mat2a) [26]; therefore, we inhib-
ited Mat2a with the allosteric inhibitor PF9366 and found that it

decreased Af-induced intracellular SAM, TNF-α, and IL-6 (Fig. 2C).
Because SAH, 3-Deazaadenosine (3DZA) inhibit methyltransferases
is an inhibitor that reduces SAM-dependent methylation processes
and lowers the SAM/SAH ratio by blocking SAH hydrolase [28]
(Fig. 2D). Consistently, 3DZA treatment depressed Af-induced TNF-α
and IL-6 (Fig. 2D).
To further determine the role of PHGDH, SHMT2, MTHFD2, MAT,

and SAHH in anti-fungal innate immunity signaling, we purchased
two specific small interfering RNAs (siRNAs) for PHGDH, SHMT2,
MTHFD2, MAT, and SAHH. We tested their efficiency (Fig. S2D and
S2E). The #2 of all siRNAs was selected for subsequent
experiments. PHGDH, SHMT2, MTHFD2, MAT, and SAHH knock-
down suppressed Af-induced TNF-α and IL-6 (Fig. S2F–S2J).
Consistent with these results in vitro, NCT503, RZ-2994, PF9366,
and 3DZA decreased levels of TNF-α and IL-6 in Af-infected mice
(Fig. 2E). Moreover, NCT503, RZ-2994, PF9366, and 3DZA
significantly increased the survival of mice challenged with Af
(Fig. 2F). These findings suggest that an activated one-carbon flux
and a downstream SAM generation are required for anti-fungal
innate immunity.

Fungal infection regulates the SSP and CLR signaling via the
PHGDH/SYK complex
To analyze the role of SSP in anti-fungal innate immunity,
particularly verified ligands for both TLR signaling and CLR
signaling were used, including pam3CSK (TLR1/2), poly(I:C)
(TLR3), LPS (TLR4), imiquimod (TLR7), R-848 (TLR7), CpG ODN
(TLR9), zymd (dectin-1), and alphα-mannan (dectin-2/3). Results
from ELISA experiments confirmed that NCT503 treatment
inhibited signaling via zymd and α-mannan but not ligands for
TLRs (Fig. S3A), suggesting the specificity of SSP in regulating
CLR signaling. Further study demonstrated that NCT503, RZ-
2994, PF9366, and 3DZA also inhibited zymd and α-mannan
-induced TNF-α and IL-6 protein levels (Fig. S3B and S3C). We
created two distinct small interfering RNAs (siRNAs) for SYK,
CAR9, BCL10, JNK, and p65 to screen the hub between CLR
signaling and the SSP and evaluate their effectiveness (Fig. S3D).
For subsequent tests, the #2 siRNA was chosen out of all
the siRNAs. SYK, CAR9, BCL10, JNK, and p65 knockdown
suppressed PHGDH-induced TNF-α and IL-6 expression (Fig. S3E),
suggesting that PHGDH regulates CLR signaling via SYK. PHGDH,
SHMT2, and MTHFD2 knockdown suppressed SYK-induced TNF-
α and IL-6 expression (Fig. S3F), suggesting that SYK regulates
CLR signaling via PHGDH.
Because SYK is upstream of CLR signaling cascades and PHGDH

is the first rate-limiting enzyme of SSP [29], we speculated that
SYK would directly interact with PHGDH. The results of
coimmunoprecipitation (Co-IP) and reverse Co-IP assays showed
that Flag-tagged PHGDH specifically interacts with Myc-tagged
SYK but not with HA-tagged SHP-1 or V5-tagged dectin-1
(Fig. 3A–C). According to endogenous Co-IP assays, PHGDH did
not interact with SYK in unstimulated cells. Still, as early as 30 min,
zymd and α-mannan stimulation increased the association of

Fig. 3 SYK associates with PHGDH. A–C HEK293 cells were transfected with indicated plasmids for 48 h. Co-IP and immunoblot analyses were
performed using the indicated antibodies. D, E BMDMs were stimulated with zymd (100 µg/ml) D and α-mannan (100 µg/ml) E for the
indicated times. Co-IP and immunoblot analyses were performed using the indicated antibodies. Quantification of the immunoblots is shown
on the right panel. F Schematic diagram of the full-length and truncated constructs of PHGDH (upper panel). HEK293 cells were co-transfected
with Myc-SYK and the indicated truncated PHGDH constructs for 48 h. Co-IP and immunoblot analyses were performed with the indicated
antibodies (lower panel). G Experiments were performed similarly to those in F, except the indicated truncated constructs of SYK were used.
H–J HEK293 cells were transfected with indicated plasmids for 48 h. Co-IP and immunoblot analyses were performed using the indicated
antibodies. Quantification of the immunoblots is shown on the right panel. (K and L) Phgdh +/+ (Wt) and Phgdh −/− BMDMs were stimulated
with zymd (100 µg/ml) K and α-mannan (100 µg/ml) L for the indicated time. Co-IP and immunoblot analyses were performed using the
indicated antibodies. Quantification of the immunoblots is shown on the right panel. M Wt and Phgdh −/− BMDMs were stimulated with zymd
(100 µg/ml) and α-mannan (100 µg/ml) for the indicated times, and whole-cell lysates were separated into membrane and cytosolic fractions-
immunoblot analysis with antibodies. All experiments were repeated at least three times. Values are presented as means ± SEMs, two-way
ANOVA. (**P < 0.01, ND, not detective) See also Fig. S3.
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PHGDH and SYK (Fig. 3D and 3E). To conduct additional research
on the PHGDH region that interacts with SYK, we generated
PHGDH truncation mutants (Fig. 3F, upper panel). Co-IP experi-
ments showed that the ACT domain of PHGDH was required for
its interaction with SYK (Fig. 3F, lower panel). Similarly, the SH2

domain of SYK was required for its interaction with PHGDH
(Fig. 3G). Next, we evaluated the impact of PHGDH on the
association between SYK, dectin-1, and SHP-1. Competitive Co-IP
experiments suggested that PHGDH promotes the association of
SYK and dectin-1 and inhibits the association of SYK and SHP-1
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(Fig. 3H and 3I). Similar results were obtained via in vitro binding
assays using purified proteins (Fig. S3G and S3H). Dectin or Mincle
binds to ligands and attracts FcRγ, which serves as SYK’s docking
site. We next determined whether PHGDH would impact the
interaction of SYK and FcRγ. As shown in Fig. 3J, PHGDH
overexpression eliminated the inhibitory effect of SHP-1 on the
dectin-1/SYK/FcRγ interaction. To examine the function of
PHGDH in forming the dectin-1/SYK complex, we generated
Phgdh knockout (Phgdh −/−) mice and verified protein absence
using Western blots (Fig. S3I). Zymd and α-mannan stimulation
increased the interaction between SYK, dectin-1, and FcRγ in
wild-type (WT) BMDMs but not Phgdh −/− BMDMs (Fig. 3K and 3L).
We determined whether PHGDH promotes SYK recruitment to
the cell membrane following stimulation. As shown in Fig. 3M,
zymd and α-mannan stimulation induced SYK translocation to the
membrane in Wt BMDMs but not Phgdh−/− BMDMs. These
findings suggest that fungal infections promote the interaction of
SYK and PHGDH, leading to SYK recruitment to the FcRγ.

PHGDH regulates anti-fungal innate immunity
Because PHGDH interacts with SYK and SYK is an essential
protein in CLR signaling cascades, we suspected PHGDH
regulates CLR signaling. As expected, TNF-α and IL-6 production
was substantially lower in Phgdh−/− BMDMs than in control Wt
BMDMs on stimulation with Af, C. albicans, zymosan, curdlan,
zymd, and α-mannan, but not flagellin and malp-2 (Fig. 4A). To
further characterize the in vitro function of PHGDH anti-fungal
immune responses, we intravenously infected Wt mice and
Phgdh−/− mice with a lethal dose of C. albicans. The Phgdh−/−

mice showed less resistance to fungal infection than Wt mice
(Fig. 4B). Consistently, Phgdh−/− mice exhibited more C. albicans
colony-forming units (CFU) in the kidney, spleen, and liver
compared with Wt mice (Fig. 4C). In this vein, Phgdh−/− mice
showed reduced levels of IL-6, TNF-α, IL-1β, CXCL1, and CXCL2
than Wt mice in response to C. albicans infection (Fig. 4D).
A previous study demonstrated the regulation of Th1 and Th17
responses during fungal infection [30]. Intriguingly, IFN-γand IL-
17A were attenuated in the kidneys from Phgdh−/− mice
compared to Wt mice (Fig. 4E). Additionally, the percentage of
Th1 and Th17 cells in the spleen was lower in Phgdh−/− mice
compared with Wt mice (Fig. 4F). Given that C. albicans is the
primary inducer of anti-fungal immunoglobulin G (IgG), we
observed that after five days of infection, Phgdh−/− mice
produced significantly less serum IgG in comparison to Wt mice
(Fig. 4G). Next, we tested whether PHGDH regulated SYK-
mediated CLR pathways. Western blot analyses revealed that
the phosphorylation of SYK in Phgdh−/− BMDMs was attenuated
in response to zymd and α-mannan stimulation compared to that
inWt BMDMs (Fig. 4H). SYK-dependent phosphorylation of PLCγ2
and PKCδ, as well as phosphorylation of the downstream
molecular ERK, JNK, p65, and p38, were also attenuated in
Phgdh−/− BMDMs, compared with Wt BMDMs (Fig. 4H).

Previous studies have shown that the C. albicans yeast produces
signals through dectin-1 by recognizing β-glucan, while the
hyphal form makes signals through dectin-2 and -3 by identifying
α-mannan [31]. As expected, Phgdh−/− BMDMs displayed a
significant reduction in the production of pro-inflammatory factors
compared with Wt BMDMs on infection with C. albicans hyphae or
yeast (Fig. S4A and S4B). To determine whether PHGDH plays a
similar role in response to other fungal species, we infected Wt
mice and Phgdh−/− mice with Af; Phgdh−/− mice showed
significantly greater mortality than Wt mice (Fig. S4C).
Phgdh−/mice consistently exhibited a more significant fungal
burden in the lung at 48 h after infection than in control mice
(Fig. S4D). We infected Phgdh−/− BMDMs and Wt BMDMs with
various fungal morphotypes of Af and measured pro-inflammatory
factor levels in the supernatants. As shown in Fig. S4E–S4H,
Phgdh−/− BMDMs produced lower amounts of IL-6, TNF-α, IL-1β,
CXCL1, and CXCL2 than in Wt BMDMs in response to dormant
conidia, swollen conidia, or germ tube (GT) stimulation. These
findings suggest that PHGDH positively regulates SYK-associated
signaling cascades in the CLR pathway.

SYK regulates SSP, one-carbon metabolism, and redox
homeostasis during fungal infection
Because PHGDH interacts with SYK, and PHGDH is the first rate-
limiting enzyme of the SSP, we suspected that SYK regulates the
SSP. To test this hypothesis, we created Syk knockout (Syk −/−)
mice and confirmed protein absence using Western blots
(Fig. S5A). As expected, Af-infected BMDMs displayed higher
13C-glucose incorporation into G6P, 3PG, lactate, serine, and
glycine, but not PEP (Fig. 5A). However, Af infection did not
affect lactate, serine, or glycine in Syk−/− BMDMs (Fig. 5A).
Interesting, PHGDH-overexpressing BMDMs displayed higher
13C-glucose incorporation into lactate, serine, and glycine, but
not PEP (Fig. 5B). However, PHGDH overexpression did not affect
13C-glucose incorporation in Syk−/− BMDMs (Fig. 5B). In
agreement with previous results, a metabolomic analysis
indicated that C. albicans treatment induced expression of
G6P, 3PG, lactate, serine, and glycine but reduced PEP; Syk
knockout removed the effect of C. albicans on glucose
metabolism reprogramming (Fig. S5B). Previous studies demon-
strated that the phosphorylation of PHGDH is essential to its
activity and cellular location [32]. We found that Af infection
enhanced PHGDH activity and PHGDH phosphorylation in Wt
BMDMs but not in Syk −/− BMDMs (Fig. 5C). SYK overexpression
induced PHGDH activity and PHGDH phosphorylation in a dose-
dependent manner (Fig. 5D). Next, we used a kinase-dead
mutant of Syk (Syk K402R) [33] to investigate if the increase in
PHGDH activity in response to SYK overexpression is caused by
SYK catalytic activity. As anticipated, SYK WT overexpression
enhanced PHGDH activity; however, Syk K402R did not affect
PHGDH activity (Fig. 5E). In vitro kinase assays showed that
recombinant Syk (WT), but not Syk K402R, phosphorylate PHGDH

Fig. 4 PHGDH is indispensable for anti-fungal immunity. A Wt and Phgdh −/− BMDMs were infected with Af or C. albicans for 12 h or
stimulated or unstimulated zymosan, curdlan, zymd, α-mannan, flagellin, or malp-2 for 24 h. TNF-α and IL-6 levels in the supernatants were
measured using ELISA (n= 3 mice per condition, two-way ANOVA, mean ± SEM). B Wt or Phgdh −/− were injected with C. albicans through the
tail vein and monitored for survival; the Kaplan-Meier survival curve was plotted to determine the survival rate. Statistical analysis was
performed using the log-rank test (n= 5 for each group). CWt or Phgdh −/− were injected with C. albicans for 48 h. The kidney, spleen, and liver
homogenates were plated on YPD media for 24 h; then, colonies were counted, and fungal burden was determined (n= 3 for each group).
D Experiments were performed as described in C, except serum pro-inflammatory cytokines were measured using ELISA. E Wt or Phgdh −/−

were infected with C. albicans for 3 d, and levels of IFN-γ and IL-17A in the supernatant of splenic cells were measured using ELISA (n= 4 for
each group). FWt or Phgdh −/− were infected with C. albicans for three days. Then, splenic cells were isolated, and intracellular staining of IFN-γ
(Th1) and IL-17A (Th17) was determined using flow cytometry (n= 4 for each group). G Experiments, except serum IgG, were performed as
described in E and measured using ELISA. H Wt and Phgdh−/− BMDMs were stimulated with zymd (100 µg/ml) and α-mannan (100 µg/ml) for
the indicated times before Western blot. Experiments were repeated at least three times. Values in C–G are presented as means ± SEMs two-
way ANOVA. (**P < 0.01). See also Fig. S4.
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Fig. 5 SYK is indispensable for fungal-regulated metabolism. A Wt and Syk −/− BMDMs were infected with or without Af for 6 h. 13C-glucose
incorporation into G6P, 3PG, PEP, lactate, serine, and glycine was measured. B Wt and Syk −/− BMDMs were transfected with vector controls or
pCMV-PHGDH for 36 h. 13C-glucose incorporation into G6P, 3PG, PEP, lactate, serine, and glycine was analyzed. C Wt and Syk −/− BMDMs were
infected with or without Af for 4 h, followed by an analysis of PHGDH activity (left panel) and PHGDH phosphorylation (right panel). DWt BMDMs
were transfected with increasing amounts of SYK expression plasmids for 4 h, followed by an analysis of PHGDH activity (left panel) and PHGDH
phosphorylation (right panel). E Syk −/− BMDMs were transfected with indicated plasmids for four h, followed by an analysis of PHGDH activity.
F GST-PHGDH, GST-SYK, and/or GST-SYK (K402R) were incubated in a kinase reaction buffer containing [γ-32P]ATP for the indicated times,
followed by autoradiography analyses (upper panel) or Western blot analyses (lower panel). G Wt and Syk −/− BMDMs were infected with or
without Af for 6 h, followed bymeasurement of the GSH/GSSH ratio, the NADPH/NADP+ ratio, ROS, serine, and glycine levels.H Experiments were
performed as described in E, except Wt and Syk −/− BMDMs were transfected with PHGDH expression plasmids. Values in A–F are presented as
means ± SEMs, n= 3 per condition, two-way ANOVA. (**P < 0.01, n.s., not significant). See also Fig. S5.
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(Fig. 5F). Next, we sought to determine the role of SYK on the
PPP pathway. As shown in Fig. 5G, Af infection enhanced the
GSH/GSSG ratio, the NADPH/NADP+ ratio, reactive oxygen
species (ROS), serine, and glycine levels in Wt BMDMs but not
Syk −/− BMDMs. Intriguingly, PHGDH overexpression also
increased the GSH/GSSG ratio, the NADPH/NADP+ ratio, and

ROS, serine, and glycine levels in Wt BMDMs, while SYK
depletion removed this effect (Fig. 5H). The role of SYK on the
PPP pathway is not Af-specific because similar results were
observed in C. albicans-infected BMDMs (Fig. S5C–S5H). These
findings suggest that SYK is required for fungal infection-
regulated PPP, the SSP, and redox homeostasis.
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Exogenous methionine and serine support anti-fungal innate
immunity by fueling SAM generation
In a medium with normal extracellular serine levels, PHGDH
inhibition exhibits an anti-inflammatory phenotype, indicating
that exogenous serine may not be a crucial function of the SSP in
anti-fungal innate immunity. To test this hypothesis, we added
various concentrations of exogenous serine; however, this did not
affect NCT503 inhibited TNF-α and IL-6 production (Fig. S6A). The
addition of the thiol reductant N-acetylcysteine (NAC), as well as
threonine (Thr), glycine (Gly), methionine (Met), pyruvate (Pyr),
homocysteine (Hcy), and α-ketoglutarate (α-KG), also did not affect
this suppressed TNF-α or IL-6 production (Fig. S6B–S6H). Neither
exogenous nor SSP-derived serine-derived one-carbon units could
be used for homocysteine re-methylation to create methionine,
and the SSP-derived serine constituted a tiny portion of the total
serine pool. Therefore, we postulated that exogenous serine and
methionine may enhance anti-fungal innate immunity as impor-
tant donors of one-carbon units and methyl groups. Consistent
with this hypothesis, depletion of serine (-S), methionine (-M), or
their combined depletion (-SM), (-GM), and (-SM) resulted in the
suppression of Af-induced TNF-α, IL-6, and SAM levels (Fig. 6A). In
contrast, the depletion of glycine alone (-G) had a limited effect
(Fig. 6A), possibly because low expression of glycine decarbox-
ylase (GLDC) in BMDMs (Fig. S6I). One-carbon units and methyl
groups restrict the deprivation of serine, glycine, and methionine
(-SGM). As expected, -SGM almost eliminated Af-induced TNF-α, IL-
6, and SAM levels (Fig. 6A). Similar results were obtained in zymd
or α-mannan-treated BMDMs (Fig. S6J and S6K). 3PG channels into
the SSP from glycolysis in the event of a serine deficiency. In
contrast to the inability of exogenous serine to prevent the anti-
inflammatory effect of SSP blockade, additional 3PG (1.5 mM and
4.5 mM) enhanced, 3PG (0.5 mM) mildly enhanced, IL-6 and TNF-α
production under -SG conditions (Fig. 6B). Furthermore, SSP
compensation did not affect IL-6 and TNF-α production in Phgdh−/

− BMDMs or Syk −/− BMDMs (Fig. 6C and 6D). The addition of NAC
and SAM was sufficient to fully restore the suppressed TNF-α and
IL-6 production by -SGM (Fig. 6E and 6F). By contrast, MAT
knockdown removes the effort of SAM on TNF-α and IL-6
production under -SGM conditions (Fig. 6G). The SSP synchronizes
using one-carbon units in nucleotide synthesis by preventing the
waste of one-carbon units [34]. Consistent with this finding,
formate (which reacts directly with THF to make 10-formyl-THF)
alleviated this anti-inflammatory effect of SSP blockade (Fig. 6H).
Similarly, 3PG, NAC, formate, and SAM fully restored -SGM-
inhibited TNF-α and IL-6 production in response to zymd or α-
mannan stimulation (Fig. S6L and S6M). These findings suggest
that exogenous serine and methionine play critical roles in anti-
fungal innate immunity by fueling SAM generation.

SAM generation and its driven methylation reactions
coordinately modulate histone methylation modifications
during fungal infection
Histone H3 is susceptible to histone methylation. Trimethylation at
lysines 4, 27, and 36 (H3K4me3, H3K27me3, and H3K36me3) is one

of several methylation marks on histone H3 that significantly
control gene expression [35]. SAM is the universal substrate for
histone methylation35. Therefore, we speculated that a histone
modification state would change during fungal infection. As
shown in Fig. 7A–D, and S7A–S7C, Af infection substantially
increased H3K36me3 levels, but mildly increased levels of
H3K36me1, H3K36me2 and H3K27ac. 3DZA and PF9366 treatment
removed Af-induced H3K36me3 expression, but not H3K36me1
and H3K36me2 expression (Figs. 7A, 7B and S7A). Consistent with
3DZA and PF9366 effects on SAM generation, -S, -M, -SG, -SM,
-GM, and -SGM suppressed Af-induced H3K36me3, while other
histone methylation marks were less affected (Figs. 7C and S7B).
Additional 3PG, NAC, formate, and SAM fully restored -SGM-
inhibited H3K36me3 expression, but not H3K36me1 and
H3K36me2 expression (Figs. 7D and S7C). The RNA polymerase II
elongation footprint marker H3K36me3 is elevated after TSSs in
active genes and coincides with transcriptionally active regions
[36]. We used chromatin immunoprecipitation combined with
qPCR (ChIP-qPCR) to ascertain how Af infection affects the
H3K36me3 chromatin occupancy of certain inflammatory genes.
As shown in Figs. 7E and S7D, Af infection increased H3K36me3
binding to promoters of IL-6, TNF-α, IL-1β, and CXCL2, whereas
NCT503, RZ-2994, PF9366, and 3DZA treatment decreased
H3K36me3 binding to these gene promoters. Similar results were
obtained by using si-PHGDH, si-SHMT2 and si-MAT (Fig. 7F). As
expected, -S, -M, -SG, -SM, -GM, and -SGM each suppressed Af-
induced H3K36me3 binding to promoters of IL-6, TNF-α, IL-1β, and
CXCL2 (Figs. 7G and S7E). Additional 3PG, NAC, formate, and SAM
fully restored -SG-inhibited H3K36me3 binding to these gene
promoters (Figs. 7H and S7F). NSD1/2/3, ASH1L, SETD3, and
SETMAR are enzymes that catalyze H3K36 mono or bi-methylation,
while SETD2 is the only reported histone trimethylase catalyzing
the trimethylation of H3K36 [37–39]. We next screen which
enzymes play an important role in anti-fungal innate immunity.
We designed two siRNAs for NSD1/2/3, ASH1L, SETD3, SETMAR,
and SETD2, and tested their efficiency (Fig. S7G). As expected,
H3K36me3 was greatly diminished in SETD2 knockdown cells
(Fig. S7H). SETD2 knockdown inhibited Af, zymd or α-mannan-
induced levels of IL-6, TNF-α, IL-1β, and CXCL2 (Fig. S7I–S7K).
However, NSD1, ASH1L, SETD3, and SETMAR knockdown did not
affect Af-regulated levels of IL-6 and TNF-α (Fig. S7L). These
findings suggest that H3K36me3 is an epigenetic modification
associated with Af infection.

The PHGDH/SYK axis regulates amino acid metabolism, and
epigenetic modification predicts outcomes in patients
infected with Af and C. albicans
We obtained fresh blood from healthy individuals (HI), acute
invasive aspergillosis patients (AIAP), acute invasive candidiasis
patients (AICP), convalescent aspergillosis patients (CAP), and
convalescent candidiasis patients (CCP). There were two indepen-
dent cohorts of fungal-infected patients. Cohort #1 included 56 HI,
40 AIAP, and 34 CAP. Cohort #2 included 40 HI, 37 AICP, and 35
CCP. To investigate whether PHGDH/SYK axis-regulated pathways

Fig. 6 Exogenous methionine and serine corporately support fungal-induced inflammation by fueling SAM generation. A BMDMs were
starved for serine, glycine, and methionine for 12 h, after which the media were replaced with matched media deficient in the indicated amino
acid (s) in the presence of Af for 6 h. Levels of TNF-α and IL-6 were measured using ELISA, and levels of SAM were measured using LC-MS.
B Experiments were performed as described in A, except cells were treated with indicated concentrations of 3PG for 6 h. C Wt and Phgdh −/−

BMDMs were starved for serine and glycine for 12 h, after which the media were replaced with matched media deficient of indicated amino
acid (s). Then, cells were infected with or without Af or treated with or without 3PG (1.5 mM) for 6 h. TNF-α and IL-6 levels in the supernatant
were measured using ELISA. D Experiments were performed as described in C, except Wt and Syk −/− BMDMs were used. Experiments were
performed as described in B, except for the indicated concentrations of NAC E and SAM F, which were used. G BMDMs were transfected with
indicated siRNA and starved for serine, glycine, and methionine for 12 h, after which the media were replaced with matched media deficient
in the indicated amino acid (s) in the presence of Af for 6 h. Levels of TNF-α and IL-6 were measured using ELISA. H Experiments were
performed as described in B, except for the indicated concentrations of formate used. Values in A–H are presented as means ± SEMs, n= 3 per
condition, two-way ANOVA. (**P < 0.01, *P < 0.05, n.s., not significant). See also Fig. S6.
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predicted outcomes in fungal-infected patients, we measured
inflammatory cytokine expression and metabolites in the SSP, the
PPP, and one-carbon metabolism in Cohort #1. IL-6, TNF-α, IL-1β,
and CXCL2 were expressed at significantly higher levels in AIAP,
whereas these inflammatory cytokines returned to normal in CAP
(Fig. S8A). The activity of PHGDH and serine and glycine levels, the

GSH/GSSG ratio, and the NADPH/NADP+ ratio were significantly
higher in AIAP. However, lower in CAP (Fig. 8A). Elevated PHGDH
activity, serine, and glycine levels, the GSH/GSSG ratio, and the
NADPH/NADP+ ratio in AIAP tightly correlated with IL-6 and TNF-α
expression (Fig. 8B and 8C). We randomly selected four HI, AIAP,
and CAP. Co-IP experiments revealed that PHGDH was associated
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with SYK in PBMCs from AIAP. This association was dismissed in
PBMCs from CAP (Fig. 8D). The phosphorylation of PHGDH and
SYK and H3K36me3 levels were more significant in PBMCs from
three randomly selected AIAPs. In contrast, the phosphorylation of
PHGDH and SYK was inhibited in CAP (Fig. 8E and 8F). Further
experiments indicated that H3K36me3 bound to promoters of IL-
6, TNF-α, IL-1β, and CXCL2 in AIAP but not in CAP (Fig. 8G–I).
Subsequently, we analyzed inflammatory cytokine expression

and metabolites in the SSP and the PPP in Cohort #2. Similarly,
inflammatory cytokine expression, PHGDH activity, serine and
glycine levels, the GSH/GSSG ratio, and the NADPH/NADP+ ratio
were significantly higher in AICP but lower in CCP (Fig. S8B and
S8C). Elevated PHGDH activity, serine, and glycine levels, the GSH/
GSSG ratio, and the NADPH/NADP+ ratio in AICP were tightly
correlated with IL-6 and TNF-α expression (Fig. S8D and S8E).
Consistent with results in AIAP, H3K36me3 bound to promoters of
IL-6, TNF-α, IL-1β, and CXCL2 in AICP but not in CCP (Fig. S8F–S8H).
These findings suggest that one-carbon metabolism supports SAM
and histone methylation, representing potential molecular mar-
kers for outcome prediction.

DISCUSSION
In this study, we discovered a hitherto unreported mechanism of
fungal infection-induced reprogramming of glucose metabolism,
whereby increased glycolysis offshoots are supported in the
production of inflammatory factors. After looking into the
processes underlying this occurrence, we discovered that fungal
infection caused SYK associated with PHGDH, which activated
the SSP, one-carbon metabolism, and CLR signaling. SAM is an
essential metabolite that supports innate defense against fungi
by epigenetically activating inflammatory genes. Our research
uncovers a novel role for amino acid metabolism in CLR
signaling and advances our understanding of anti-fungal innate
immunity.
The energy source for cellular metabolism is glucose [18]. CLRs

are crucial for host defense against fungal infections because they
can identify different components of the fungal surface [40]. Many
heritable variations in gene expression that do not result in
changes to the gene sequence are referred to as “epigenetics”
[41]. However, it is still unknown if the three systems commu-
nicate with one another when a fungal infection occurs. Here, we
demonstrated for the first time that one-carbon flow, epigenetic
alteration, and anti-fungal innate immunity are directly correlated
(Fig. 9). We discovered that one-carbon metabolism has a
synergistic effect on innate immunity against fungal infections
by adjusting the availability of SAM to facilitate the epigenetic
reprogramming of histone methylation (Fig. 9). An elevated SAM/
SAH ratio is necessary for H3K36me3 to function as an epigenetic
mark (Fig. 9). After looking into the processes underlying this
occurrence, we discovered that the association between SYK and
PHGDH is essential for all three systems (Fig. 9). But we also found

that fungal infection caused a change in the glucose flux into the
PPP; this phenomenon cannot be entirely explained by the
PHGDH and SYK connection. When thinking about the next phase,
studies delving into the mechanism might elucidate anti-fungal
innate immunity. We also examined the order of one-carbon flux,
epigenetic change, and innate defense against fungal infections.
We discovered that the three systems do not act in parallel.
Activated metabolites during a fungal infection could emerge in
as little as an hour (Fig. S1). However, inflammatory factor
production was found as early as three hours following fungal
infection (Fig. S1). These results suggest that innate immunity
against fungal infection is downstream of metabolism-regulated
histone modification.
One-carbon metabolism has gained renewed attention due

to identifying frequent tumor-specific changes in the expres-
sion of one-carbon metabolic enzymes [42]. For instance, serine
metabolism plays a role in cancer cells’ fast growth by providing
one-carbon units needed for nucleotide synthesis [43]. None-
theless, immune cells often have a limited ability to proliferate
[26]. This paradox led us to wonder about the physiological
roles that one-carbon units made from serine play in anti-fungal
innate immunity when combined with exogenous absorption
and the SSP. We demonstrated that the SSP or exogenous
serine-derived single carbons are infrequently employed as
methyl groups for methylation processes through homocys-
teine re-methylation. As a result, during fungus infection, the
methionine and folate cycles separate. Subsequent research
revealed that exogenous serine and the PPP-derived ribose,
one-carbon units supplied by the SSP, work in concert to
enhance de novo ATP generation. The methionine cycle, which
uses ATP as its primary methyl donor, produces SAM and
inflammatory factors. Interestingly, ATP is an active metabolite
and energy carrier essential for cell survival and proliferation.
However, this work shows that ATP is a structural precursor of
SAM needed for synthesizing inflammatory factors and nucleic
acids. According to our research, immune cells do not grow as
quickly as tumor cells but tend to create cytokines. Additional
exogenous formate can restore the inflammatory factor
expression of a blocked SSP, but additional exogenous serine
cannot. These findings suggest that the SSP might be involved
in more modulatory functions than just supplying one-carbon
units; conversely, exogenous methionine might be the primary
methyl donor for the synthesis of SAM and the expression of
inflammatory factors. It is noteworthy that specific tumor cells
have also shown the modulatory influence of the SSP on one-
carbon flow efficiency.
To sum up, our research sheds light on how several nutritional

inputs work together to feed the production of SAM during fungal
infection. SAM activates innate immunity against fungi by regulat-
ing the chromatin state. Identifying H3K36me3 as a mediator
between anti-fungal innate immunity and metabolism suggests a
possible treatment strategy for invasive fungal infections.

Fig. 7 SAM generation and methylation reactions coordinately modulate histone methylation marks during fungal-induced
inflammation. A BMDMs were infected with or without Af and treated with or without 3DZA (1 μM) for 6 h before Western blot analyses.
B Experiments were performed as described in A except PF9366 (10 μM) was used. C BMDMs were starved for serine, glycine, and methionine
for 12 h, after which the medium was replaced with a matched medium deficient in the indicated amino acid(s) in the presence of Af for 6 h
before Western blot analyses. D Experiments were performed as described in C, except NAC (3mM), formate (1 mM), and SAM (200 μM) were
used. E BMDMs were infected with or without Af and treated with or without NCT503 (50 mM), RZ-2994 (10 μM), PF9366 (10 μM), or 3DZA
(1 μM) for 6 h. ChIP assays were performed with anti-H3K36me3- or IgG-conjugated agarose. Gene sequences in the input DNA and the DNA
recovered from antibody-bound chromatin segments were measured using qPCR. F BMDMs were transfected with indicated siRNAs for 24 h
and infected with or without Af for 6 h before ChIP assays. G BMDMs were starved for serine, glycine, and methionine for 12 h, after which the
media were replaced with matched medium deficient in the indicated amino acid(s) in the presence of Af for 6 h before ChIP assays.
H Experiments were performed as described in G, except 3PG (1.5 mM), NAC (3mM), formate (1 mM), and SAM (200 μM) were used.
Experiments in A–D were repeated at least three times. Values in E–H are presented as means ± SEMs, n= 3 per condition, two-way ANOVA.
(**P < 0.01, n.s., not significant). See also Fig. S7.
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Fig. 8 Immunometabolites in the PPP, the SSP, and one-carbon metabolism correlate with inflammatory factor expression in fungal-
infected patients. A Serine, glycine, and SAM levels, PHGDH activity, GSH/GSSG, and NADPH/NADP+ ratios in PBMCs of healthy individuals
(HI) (n= 56), acute invasive aspergillosis patients (AIAP) (n= 40), and convalescent aspergillosis patients (CAP) (n= 34). The lowest value of HI
was designated as 1. All Values are expressed as fold-induction (fold) relative to the lowest value of HI. Values represent means ± SEM. B TNF-α
mRNA levels and serine, glycine, SAM levels, PHGDH activity, GSH/GSSG, and NADPH/NADP+ ratios in PBMCs of AIAP subjected to Pearson’s
correlation analysis. C IL-6 mRNA levels and serine, glycine, SAM levels, PHGDH activity, GSH/GSSG, and NADPH/NADP+ ratios in PBMCs of
AIAP subjected to Pearson’s correlation analysis. D PBMCs were isolated from indicated HI, AIAP, and CAP. Co-IP and immunoblot analyses
were performed with the indicated antibodies. E, F PBMCs were isolated from indicated HI, AIAP, and CAP. Immunoblot analyses were
performed with the indicated antibodies. G–I PBMCs were isolated from indicated HI, AIAP, and CAP. ChIP assays were performed with anti-
H3K36me3- or IgG-conjugated agarose. TNF-α, IL-6, IL-1β, and CXCL2 sequences in the input DNA, and the DNA recovered from antibody-
bound chromatin segments was measured using qPCR. Values represent means ± SEM. (**P < 0.01). See also Fig. S8.
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