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Polyunsaturated Fatty Acid-Bound a-Fetoprotein

Promotes Immune Suppression by Altering Human

Dendritic Cell Metabolism
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a-Fetoprotein (AFP) is expressed by stem-like and poor outcome
hepatocellular cancer tumors and is a clinical tumor biomarker.
AFP has been demonstrated to inhibit dendritic cell (DC) differ-
entiation and maturation and to block oxidative phosphorylation.
To identify the critical metabolic pathways leading to human DC
functional suppression, here, we used two recently described single-
cell profiling methods, scMEP (single-cell metabolic profiling) and
SCENITH (single-cell energetic metabolism by profiling translation
inhibition). Glycolytic capacity and glucose dependence of DCs
were significantly increased by tumor-derived, but not normal cord
blood-derived, AFP, leading to increased glucose uptake and lactate
secretion. Key molecules in the electron transport chain in partic-
ular were regulated by tumor-derived AFP. These metabolic
changes occurred at mRNA and protein levels, with negative impact
on DC stimulatory capacity. Tumor-derived AFP bound signifi-
cantly more polyunsaturated fatty acids (PUFA) than cord blood-
derived AFP. PUFAs bound to AFP increased metabolic skewing
and promoted DC functional suppression. PUFAs inhibited DC
differentiation in vitro, and ®-6 PUFAs conferred potent immu-
noregulation when bound to tumor-derived AFP. Together, these

Introduction

Liver cancer accounts for 8.3% of cancer-related deaths worldwide,
making it the third leading cause of cancer-related mortality (1).
Hepatocellular carcinoma (HCC) represents 70% to 85% of primary
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findings provide mechanistic insights into how AFP antagonizes the
innate immune response to limit antitumor immunity.

Significance: a-Fetoprotein (AFP) is a secreted tumor protein
and biomarker with impact on immunity. Fatty acid-bound AFP
promotes immune suppression by skewing human dendritic cell
metabolism toward glycolysis and reduced immune stimulation.
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liver cancers (2). Important drivers of HCC rates include chronic
hepatitis B (HBV) and C (HCV) infections and control of these
infections has decreased HCC rates in East Asia and Southern Eur-
ope (3). Unfortunately, downward trends in HBV and HCV infections
are offset by increases in other HCC-risk factors, including alcohol
consumption, smoking, and obesity. Obesity can lead to fatty infil-
tration into the liver causing nonalcoholic fatty liver disease (NAFLD),
leading to nonalcoholic steatohepatitis (NASH; ref. 4). In the United
States, more than 1 in 3 people have some form of NAFLD, and 6
million people have NASH (4). Given HCC’s lethality, coupled with
the concerning rise in HCC risk factors, new therapies are urgently
needed.

Treatments for patients with early stages of HCC include surgery,
ablative therapies, embolization approaches, or liver transplanta-
tion (5) can be effective. For the majority of patients with more
advanced stages of disease, systemic therapy options have expanded
in recent years to include small-molecule multikinase inhibitors,
monoclonal antibodies targeting VEGF or its receptors, and most
recently, immune checkpoint inhibition (6-12)

The combination of bevacizumab and atezolizumab, targeting
VEGF and PD-L1, respectively, has emerged as a new global standard
for first-line therapy based upon substantial improvement in outcomes
compared with the multikinase inhibitor, sorafenib, with median
overall survival (OS) of 19.2 months for the combination versus
13.4 months for sorafenib (HR, 0.66; P = 0.0009; refs. 9, 13) Objective
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responses occurred in 30% of patients treated with the combination,
including 8% with complete responses, with median duration of
response not reached. Other immunotherapy combinations have also
shown striking improvements in rates of objective radiographic
response compared with historical controls (10, 14, 15), and the
combination of the PD-L1 inhibitor, durvalumab, with the CTLA4
inhibitor, tremelimumab, improved OS compared with sorafenib in a
randomized, phase III trial (8, 16). These studies demonstrate the
potential for robust and durable immune responses in a subset of
patients with HCC and underscore the urgent necessity to identify and
address mechanisms of resistance in the majority of patients who do
not achieve prolonged responses. Although immunotherapies block-
ing exhaustion markers (PD-1, PD-L1, and CTLA4) and/or VEGF are
encouraging, there are additional barriers in vivo that limit the potency
of antitumor immunity.

o-Fetoprotein (AFP) is an oncofetal glycoprotein, similar to albu-
min, which is expressed by the majority of HCC tumors (tAFP) and
can be detected in serum as well as the tumor microenvironment.
Elevated serum concentration of AFP is associated with poor prognosis
across stages of HCC, and tumors with high AFP expression may
represent a distinct biologic subtype associated with activation of
proliferative pathways and VEGF signaling (17-19). Like albumin,
tAFP is a secreted protein that can bind multiple metabolites and enter
activated lymphocytes, hepatocytes, natural killer (NK) cells, and
monocytes. Because its initial discovery in a patient with HCC in the
1960s (20), interest in tAFP has focused on its prognostic (21) and
diagnostic potential in HCC (22), as a cancer vaccine antigen
target (23-25), and its immunoregulatory properties on NK cells (26),
macrophages (27, 28), monocytes, and dendritic cells (DC; refs. 29, 30).
AFP is also being targeted in TCR-engineered adoptive cell transfer
studies (31, 32). Our group demonstrated that tAFP has more potent
immunoregulatory properties than cord blood-derived “normal” AFP
(nAFP; ref. 29). The molecular features of AFP that are immunoreg-
ulatory have been attributed to differences in glycosylation pat-
terns (33, 34), isoforms (35, 36) or isoelectric points (37), and the
presence of specific ligands (29, 38-40). In addition, our group has
determined that tAFP-mediated suppression of DCs’ function
depends on a low molecular mass (LMM; ref. 29) molecule that is
neither protein nor glycan.

Here, using novel single-cell methods and lipid profiling in both
in vitro models and in vivo human HCC patient blood samples, we
have determined that tAFP uptake by DC causes reduced fatty acid
uptake and metabolism and a switch to glycolysis accompanied by
increased glucose uptake and lactate secretion. This metabolic skewing
is accompanied by a shift in immune phenotype, with reduced
costimulatory molecule expression and increased DC CD14 and
PD-L1 expression. For the first time, we identify differences in the
ligand composition between nAFP and tAFP and show that these fatty
acids are essential for the immunoregulatory features of tAFP. These
findings have important implications for understanding how AFP™*
HCC limits innate immune responses, identifying strategies to
improve DC function in vivo, and development of more potent DC
vaccines.

Materials and Methods

Patient samples

HCC patient blood (with written informed consent; Table 1) and
healthy donor (HD) blood [purchased (Trima Residuals RE202,
Vitalant)] was collected in BD Vacutainer heparin tubes (Cat. #02-
689-6), and in some cases, BD Vacutainer serum tubes (Cat.
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Table 1. Characteristics of patients with HCC.

Characteristic Number or median

(N = 8 patients) (range) (%)
Gender (n)
Male 6 75%
Female 2 25%
Age, y
Median (range) 72 (61-83)
Race
African-American 2 25%
Asian 2 25%
Caucasian 4 50%
Ethnicity
Non-Hispanic/Latino 8 100%
Hispanic/Latino 0 0%
Liver Disease Etiology
Hepatitis C (cAb™) 4 50%
Hepatitis B (sAg™) 2 25%
Child Pugh Score at Enroliment
Child Pugh A 7 87%
Child Pugh B 1 13%

Serum AFP (ug/L)
Median (range)
Disease stage

229 (<2.0-7287.9)

Stage IlIB 1 13%

Stage IVA 3 38%

Stage IVB 4 50%
Histologic grade

Moderately differentiated 4 50%

Poorly differentiated 2 25%

Unknown 2 25%

#B-D367820Z) were collected. Heparinized blood was centrifuged to
separate the blood and plasma components. Plasma was stored at
—80°C. The remaining cellular fraction was overlaid over Ficoll
(Cytiva, Cat. #45-001-749) in Leucosep tubes (Greiner, Cat. #07-
000-983) and centrifuged to isolate peripheral blood mononuclear
cells (PBMC). PBMCs were washed with PBS, and viable cells were
quantified via trypan blue (Gibco, Cat. #15-250-061) on a Nexcelom
Cellometer Spectrum. If cell pellets had substantial red blood cells, they
were briefly lysed using ACK lysing buffer (Thermo Fisher Scientific,
Cat. #A1049201). Cells were resuspended in freezing media (80%
CellGenix + 20% DMSO (MP Biomedicals, Cat. #ICN19141880),
stored at —80°C overnight, and stored in gas-phase LN,.

In vitro DC differentiation

DCs were differentiated in vitro similarly as previously described
(29). In brief, cryopreserved PBMCs were thawed and CD14" mono-
cytes were magnetically labeled using CD14 MicroBeads (Miltenyi,
Cat. #130-050-201) and isolated by LS columns (Miltenyi, Cat. #130-
042-401) per the manufacturer’s instructions. Viable eluted cells were
enumerated using trypan blue on a Nexcelom Cellometer Spectrum.
To generate immature DCs (iDC), monocytes were stimulated for
5 days in the presence of 800 IU/mL of rtGM-CSF (Miltenyi, Cat. #130-
093-862) and 500 IU/mL of rIL-4 (Miltenyi, Cat. #130-095-373) as
well as OVA, nAFP, or tAFP in CellGenix GMP DC media (Cat.
#20801-0500) 37°C at 5% CO,. Highly purified grade tAFP was
obtained from Bio-Rad, and the AFP-L3 is approximately 70% as
compared with 10% in human cord serum, by PAGE analysis. The
nAFP was obtained from Cell Sciences (Cat. #CSI0379), with a purity
of >99% by SDS-PAGE analysis and sterile filtered. The chicken
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ovalbumin was obtained by Sigma (Cat. #A5503-1G) with a purity of
>98% by agarose gel electrophoresis. All proteins were aliquoted to
prevent multiple freeze-thaw cycles and stored at —80C. Finally, an
additional 24-hour stimulation with 1,000 IU/mL of rIFNY (Peprotech,
Cat. #300-02) and 250 ng/mL of LPS (Sigma-Aldrich, Cat. #1.2630-
10MG) to produce monocytic DCs (mDC). To harvest cells, DCs were
detached using TrypLE Select (Gibco, Cat. #12563011) for 15 minutes
at 37°C and then washed several times with cold PBS.

SCENITH

SCENITH was performed as described in ref. 41. The SCENITH
reagents kit (inhibitors, puromycin and antibodies) was obtained from
www.scenith.com/try-it and used according to the provided protocol
for in vitro-derived myeloid cells. Briefly, control and tol-moDC
cultures at desired timepoints, were treated for 18 minutes with
Control (DMSO), 2-deoxy-glucose (2DG; 100 mmol/L), oligomycin
(O; 1 pmol/L), a combination of 2DG and oligomycin (DGO) or
Harringtonine (H; 2 pg/mL). Following metabolic inhibitors, Puro-
mycin (final concentration 10 pg/mL) was added to cultures for 17
minutes. After puromycin treatment, cells were detached from wells
using TrypLE Select (Thermo Fisher Scientific, 505914419), washed in
cold PBS and stained with a combination of Human TruStain FcX
(BioLegend, 422301) and fluorescent cell viability dye (BioLegend,
423105) for 10 minutes 4°C in PBS. Following PBS wash step, primary
antibodies against surface markers were incubated for 25 minutes at
4°C in Brilliant Stain Buffer (BD Biosciences, 563794). Next, cells
were fixed and permeabilized using True-Nuclear Transcription
Factor Buffer Set (BioLegend, 424401) as per the manufacturer’s
instructions. Intracellular staining of puromycin and protein targets
was performed for 1 hour in diluted (10x) permeabilization buffer at
4°C. Finally, data acquisition was performed using the Cytek
Aurora flow cytometer. Primary conjugated antibody information
used in SCENITH panel is listed in Supplementary Table S1. All
antibodies were titrated to reduce spillover and increase resolution
using single-stained moDC (generated as described above) samples.
Unstained cell controls used for autofluorescence extraction were
generated for each time point, culture conditions (OVA, nAFP, and
tAFP) and metabolic inhibitor treatments (C, 2DG, O, DGO).
Samples were unmixed using reference controls generated in com-
bination with stained Ultracomp beads (Thermo Fisher Scientific,
01-2222-41) and stained cells using the SpectroFlo Software
v2.2.0.1. The unmixed FCS files were used for data processing and
analysis using FlowJo (BD Biosciences, version 10.7.1). Manually
gated CD14 HLA-DRTCDS86" cells were used for downstream
analysis. gMFI expression values were imported into R environment
for correlation and heatmap analysis.

Glucose and lactate measurements

Glucose and lactate were measured by applying approximately 5 uL
of supernatant to Clarity BG1000 Blood Glucose strips (Cat. #75840—
798) and meter (Cat. #75840-800) system or the Lactate Plus strips
(Nova Biomedical, Cat. #40813) and meter version 2 (Nova Bio-
medical, Cat. #62624) system. Each meter was quality checked with
control glucose and lactate solutions and CellGenix media before each
experiment.

CyTOF phenotypic profiling

scMEP (single-cell metabolic profiling) analysis was performed as
recently described in ref. 42. In short, antibodies targeting metabolic
features were conjugated in-house using an optimized conjugation
protocol (Hartmann and colleagues, ref. 42) and validated on multiple
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sample types. Cells were prepared for scMEP analysis by incubation
with small molecules to be able to assess biosynthesis rates of DNA,
RNA and protein, cisplatin-based live/dead staining, PFA-based cell
fixation and cryopreservation (dx.doi.org/10.17504/protocols.io.
bkwkkxcw). Next, cells were stained with metabolic antibodies in
a procedure that includes surface staining for 30 minutes at room
temperature, PFA-fixation for 10 minutes at room temperature,
MeOH-based permeabilization for 10 minutes on ice, intracellular
staining for 1 hour at room temperature, and DNA intercalation
(dx.doi.org/10.17504/protocols.io.bntnmeme). Finally, cells were
acquired on a CyTOF2 mass cytometer (Fluidigm). Protein targets
and antibody information used in scMEP are listed in Supplemen-
tary Table S2.Raw mass spectrometry data were preprocessed, de-
barcoded and imported into R environment using the flowCore
package (version 2.0.1; ref. 43). Values were arcsinh transformed
(cofactor 5) and normalized (42) for downstream analyses based on
previously reported workflow (44).

Microarray and gProfiler

OVA, nAFP, and tAFP-treated DC were lysed, and total mRNA
was obtained for microarray (Affymetrix HG-U133A). DE genes
were uploaded in g:Profiler in R Studio for pathway analysis and
visualization (45).

Zinc measurement

Intracellular zinc (Zn) was quantified by flow cytometry using the
Zinc Assay Kit (Cell-based; Abcam, Cat. #ab241014). Monocytes were
differentiated to iDCs as described above in the presence of OVA,
nAFP, tAFP, or ZnSO,. Zn staining was performed per the manu-
facturer’s suggested protocol with positive (Zn) and negative (Zn +
chelator) controls as well as a Zn FMO included in each experiment.
Cells were stained with LD Aqua for 10 minutes at room temperature.
Cells were washed in 1X Assay Buffer, then stained in 100 uL of Assay
Buffer + 0.2 uL of Zn Probe for 30 minutes at 37°C. Cells were then
washed twice with 1X Assay buffer then stained with HLA-DR-APC-
H7 (BD, Clone: GF6-6, Cat. #561358, Lot #0023290, 0339025), CD86-
BV785 (BioLegend, Clone: IT2.2, Cat. #305441, Lot #B277560), CD206
PE-Cy7 (BioLegend, Clone: 15-2, Cat. #321123, Lot #B331254), and
CD14-BUVS805 (BD Biosciences, Clone: M5E2, Cat. #612903, Lot
#0297714), in Brilliant Stain Buffer (BD Horizon, Cat. #566349, Lot
#0121427) for 20 minutes at 4°C. Cells were washed twice in FACS
Buffer and fixed in 1% paraformaldehyde (Thermo Fisher Scientific,
Cat. #]19943-K2, Lot #195273, diluted in PBS) for at least 30 minutes
before acquisition on a BD LSRFortessa X-50. As a negative control, we
briefly treated cells with Zn but did not stain for Zn as a fluorescence-
minus-one (FMO) control [mean fluorescence intensity (MFI) = 421]
or stained with a Zn probe as a positive control (MFI = 25,850). Zn-
treated cells were treated with a Zn chelator included in the kit before
staining, and this resulted in a marked approximately 97% reduction in
Zn MFI compared with the positive control.

Lipid analysis by mass spectrometry or gas chromatography

Commercially available OVA (N = 3; Sigma- Aldrich, Cat. #A5503—
1G, Lot #SLCB8249), nAFP (N = 3; Cell Sciences, Cat. #CSI10379, Lot
#4111714), and tAFP (N = 3; Bio-Rad, Cat. #13752600, Lot
#64110896) were submitted diluted in PBS (Gibco, Cat. #20-012—
050) at 1,000 pig/mL on dry ice. CellGenix GMP DC Medium (N = 1;
CellGenix, Cat. #20801-0500) media and supernatants of mDCs from
an HD (N = 1) differentiated in the presence of 5 ig per mL of OVA,
nAFP, or tAFP were tested. Lipid analysis (Supplementary Table S1)
was performed at the UCSD Lipidomics Core (46).
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Fatty acid screen

Fatty acids (Supplementary Table S3) were acquired from Cayman
Chemical, including 16:0 (palmitic acid, Item # 10006627, Batch
#0523612-48), 18:1 (oleic acid, Item #90260, Batch #0540276-62),
20:3 N6 (dihomo-7y-linolenic acid, Item #90230, Batch #0532009-37),
20:3 N9 (5,8,11-eicosatrienoic acid, Item #90190, Batch #0564724-7),
20:4 (arachidonic acid, Item #90010, Batch #0570304-50), 22:4 (adre-
nic acid, Item #90300, Batch #0537603-20), 20:5 (eicosapentaenoic
acid, Item #26415, Batch #0583627), 22:5 N3 (docosapentaenoic acid,
Item #90165, Batch #0569492-11), 22:5 N6 (docosapentaenoic acid,
Item #10008335, Batch #0462864-36), and 22:6 (docosahexaenoic
acid, Item #90310, Batch #0593448-15).

Fatty acids were resuspended in ethanol and stored at —20°C at
100 pmol/L. High molar mass (HMM) fractions of OVA, nAFP, and
tAFP were obtained by removing the LMM contents with the
Amicon Ultra - 0.5 mL Centrifugal Filters Ultracel —3K (Millipore,
Cat. #UFC500324, Lot #R9HA51100) per the manufacturer’s sug-
gested protocol and stored at —80°C. Both the native preparations
and HMM fractions contained similar amounts of protein
(~0.5 mg/mL), whereas protein was undetectable (<0 mg/mL) in
the LMM fraction. In addition, we determined the A,¢y/A,g, ratio as
a measure of purity and found the LMM fraction had an approx-
imately 3-fold increase in the Aj,go/A,go ratio, indicating a large
proportion of non-protein compounds in the LMM fraction, as
expected. Fats (X HMM) were added to pre-warmed media and
incubated for 1 hour, mixing at 37°C before adding to cells (47).
Fats were combined with HMM at a 3:1 molar ratio, as previously
described (47).

Statistical analysis and visualization

Statistical comparisons between groups were performed using
paired-sample f tests unless otherwise stated using R (version 4.0.2)
and R Studio (version 1.3.1093) or Prism (version 9.0.2). P values
are represented as *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001. P values of <0.05 were considered statistically significant.
Numerical labels indicate near significant values). Figure graphs
were generated using the R package ggplot2 (version 3.3.3) or in
Prism.

Study approval

Blood collection from patients with HCC was approved by the
UCSF Hepatobiliary Tissue Bank and Registry Oversight Commit-
tee (CC#124512). The UCSF Cancer Immunotherapeutics Tissue
Use Committee approved samples from HDs at UCSF (CC#16983).

Data availability statement

The data generated in this study as well as data from prior pub-
lications are available upon request from the corresponding author.
The array data discussed in this publication were previously deposited
in NCBT’s Gene Expression Omnibus and are accessible through GEO
Series accession number GSE62005 (http://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE62005).

Results

tAFP induces immunometabolic dysregulation of DCs

To determine the mechanism of immune suppression induced by
AFP, we performed immune and metabolic profiling human DC.
Previously, we demonstrated using population-based assays that tAFP
decreases the differentiation mDCs and reduces their T-cell stimula-
tory potential (29). We demonstrated that tAFP limited DC HLA-DR
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and CD206 expression with a trend for reduced CD86. Furthermore,
the Boolean analysis revealed a decreased coexpression of multiple
activation markers (HLA-DR, CD206, CD86, and ICOSLG/CD275)
among tAFP-treated DC.

To understand the immunometabolic impact of tAFP on DCs at
the single-cell level, we used the recently described single-cell
energetic metabolism by profiling translation inhibition (SCE-
NITH) assay (41). Ovalbumin (OVA; negative control), nAFP, and
tAFP-treated DCs were generated in vitro (Fig. 1A). Viable cells
(LD™) actively translating RNA into protein (Puro™) were analyzed
(Supplementary Fig. S1) that expressed cell surface molecules
associated with mDCs (HLA-DR™, CD206", CD86™; previously
shown to be representative of many common DC phenotypic
markers; ref. 30). To assess the broad immunometabolic state of
the cells, a tSNE analysis was performed on all parameters that
indicated tAFP-treated cells tended to cluster separately from nAFP
or OVA-treated mDCs. The calculated metabolic profiles are shown
for glucose dependency, mitochondrial dependency, glycolytic
capacity, and fatty acid and glutaminolysis (FAAO; Fig. 1B). Even
among mDC with strong expression of activation markers (HLA-
DR, CD206", and CD86"), there was a dramatic increase in
glycolysis and a reduction in mitochondrial dependency and FAAO
in tAFP-treated DCs. Consistent with a greater reliance on glycol-
ysis, tAFP-treated cells had significantly less glucose in culture
supernatants at day 6 (Fig. 1C). OVA and nAFP-treated DCs had
relatively higher frequencies of pAMPK™ DCs, which is consistent
with their increased mitochondrial dependency and mitochondrial
mass as opposed to tAFP-treated DCs. This result is consistent
with our previous study, in which increased pAMPK signaling as
opposed to mTOR activation upregulated mitochondrial metabo-
lism and FAAO in DCs (48). In conjunction with a decrease in
FAAO, a decline in expression of the fatty acid transporter CD36
was detected (Fig. 1D). Similarly, free fatty acids in the culture
supernatants at day 6 were inversely correlated (r = —0.7110, P =
0.0318) with the expression of CD36. Taken together, these data
indicate that tAFP-treated DCs rely on glycolysis and have a
decreased ability to take up and oxidize fatty acids.

In agreement with decreased mitochondrial capacity by SCE-
NITH (Fig. 1B), we previously confirmed decreased mitochondrial
mass in tAFP-treated DCs (30). With decreased mitochondrial
activity and the DC reliance on glycolysis, we investigated the
potential release of lactate. Given the immunoregulatory functions
of lactate, we determined whether tAFP could promote lactate
secretion by DC. Lactate was measured in the media of OVA,
nAFP, and tAFP-treated DCs (Fig. 1D). In all HDs, tAFP-treated
DC secreted the most lactate at approximately twice the concen-
tration of OVA-treated DCs, which may in part explain tAFP-
treated DCs diminished capacity to stimulate T cells (29). The
increased concentrations of lactate inversely correlated with glucose
in the supernatant (r = —0.9326, P = 0.0002), suggesting this build-
up of lactate results from increased reliance on glycolysis, as
opposed to oxidative phosphorylation or FAAQ, for the production
of ATP.

Given that tAFP induced both immune and metabolic changes, we
examined correlations between costimulatory markers and metabolic
state. Cells were gated on the basis relative mitochondrial mass (Fig. 2).
As mitochondrial size decreased, the cells coalesced around a single
cluster. To determine the impact of altered mitochondrial load on
the expression of key costimulatory molecules, we determined the
relative expression of activation markers (i.e., CD80 and ICOSLG)
based on mitochondrial size. We observed strong positive correlations
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tAFP exposure skews dendritic cell metabolism to glucose dependency. CD14* monocytes were isolated from healthy donors and treated with IL4 + GM-CSF
in the presence of OVA, nAFP, or tAFP to produce iDCs and in some experiments treated with IFNy and LPS to produce mDCs. A, A representative gating
scheme is shown to identify live cells containing puromycin, as well as expressing markers consistent with iDCs (HLA-DR and CD206) and mDCs (CD86).
DCs treated with OVA (black), nAFP (blue), and tAFP (red) were clustered on the basis of their immune parameters by tSNE, as well as the percentage of
live cells expressing HLA-DR, CD206, and CD86. The proportion of cells expressing HLA-DR, CD206, CD86, and ICOSLG is shown from 3 to 5 technical
replicates from a single donor. B, Shown are three technical replicates of one healthy donor of a SCENITH assay to quantify the glucose dependency (black),
mitochondrial dependency (blue), glycolytic capacity (red), and FAAO (purple) with mDCs treated with OVA (black), nAFP (blue), or tAFP (red). Glucose
and concentrations of cellular supernatants and intracellular glucose are shown with three technical replicates from a single donor, as well as the intracellular
glucose uptake as determined by the influx of the fluorescent glucose analog 2NDBG from a single replicate from a single donor. C, Shown are cellular
supernatants of in vitro-generated DCs from three healthy donors performed in technical replicates, as well as correlations with glucose in the supernatant
and mitochondrial size. D, The glucose supernatant concentrations, %pAMPK, and CD36 gMFI are shown from healthy donors (N = 3) treated with OVA, nAFP,

PUFA-Bound AFP Skews Human DC Metabolism

or tAFP. The correlation between supernatant fatty acids and CD36 levels are shown. ns, nonsignificant; *, P < 0.05.
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Mitochondria expression correlates with costimulatory molecule expression. A, Shown are puromycin histograms (a measurement of translation and
a surrogate for ATP production) for OVA (black), nAFP (blue), or tAFP (red)-treated DCs. tAFP-treated DCs treated with oligomycin were separated into
puromycin low (purple) and high (green). The expression levels of PD-L1and CD86 are shown in the puromycin low and high DCs. B, Mitochondrial size, as
measured by MitoTracker was determined in OVA, nAFP, and tAFP-treated DCs. C, mDCs treated with OVA, nAFP, or tAFP were characterized by
mitochondrial size with high (dark red), mid/high (pink), mid/low (teal), and low (dark blue), and clustered on the basis of immune parameters by tSNE
colored by mitochondrial size or treatment condition. Shown are the expression levels of CD80 and ICOSLG based on mitochondrial size. D, Correlations
between MitoTracker and CD80, ICOSLG, B7-H3, and PD-L1 are shown. Differences in PD-L1 expression levels are shown between Mito hi and Mito lo cells
color coded by treatment condition. All data are from one donor performed in 3 technical replicates. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.

between mitochondrial size and the expression of CD80 (r = 0.8216,
P=0.0066), ICOSLG (r = 0.8747, P = 0.0020), and B7-H3/CD276 (r =
0.8216, P = 0.0066; Fig. 2C). Although there was a trend toward
a negative correlation between mitochondrial size and PD-L1/CD274
(r = —0.6482, P = 0.0590), this reached statistical significance when
directly comparing PD-L1 levels between Mito™ versus Mito™ cells
(Fig. 2D). These findings indicate that decreased mitochondrial mass
skews the cells toward glycolysis and is also associated with weaker
expression of activating ligands (CD80, ICOSLG, B7-H3) and
increased expression of inhibitory ligands (PD-L1).

Single-cell phenotypic profiling

To further dissect the metabolic molecular pathways affected by
AFP, we used the recently described single-cell metabolic regulome
profiling (scMEP; ref. 42) on OVA, nAFP, and tAFP-treated cells.
Consistent with a less differentiated phenotype and with our previous
studies?>??, tAFP DC had reduced expression of DC markers, includ-
ing CD206, PD-L1, CD11b, CDIc, HLA-DR, CD86, and CD11c
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(Fig. 3A). Multiple metabolic parameters related to the electron
transport chain (ETC)/TCA, including ATP5A, CS and SDHA, were
lower in tAFP-treated cells (Fig. 3B). However, levels of cytochrome C
(CytC) were elevated in both nAFP and tAFP-treated DCs (Fig. 3B).
Fatty acid oxidation (FAO) associated or fatty acid synthase (FAS)
proteins CD36, CDPT1A, HADHA, and ACLY were decreased in
tAFP-treated mDCs. Proteins involved in amino acid (AA) pathways
had modest changes, CD98 and G6PD were significantly decreased
and GLS tended to be lower, whereas ASCT2 was unchanged (Fig. 3B).
Proteins involved in glycolysis (GLUT1, GLUT3, LDHA, ENOI,
GAPDH, and MTC1) displayed modest differences that were not
statistically significant. A schematic summarizing the proteins that
were upregulated, unchanged or downregulated is shown (Fig. 3C). A
heatmap with hierarchical clustering on the basis of metabolic markers
(FAO, AA, and ETC/TCA) and treatment condition (Fig. 3D). The
tAFP-treated mDC cluster separately from the nAFP or OVA-treated
mDCs. This clustering was due in large part to FAO and ETC/TCA
proteins CPT1A, HADHA, ACLY, CS, and ATP5A.
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Figure 3.

Immune and metabolic profile by scMEP. A and B, mDC were generated /n vitro in the presence of OVA, nAFP, and tAFP and analysis of the immune-metabolic
profile was determined by scMEP using CyTOF. Shown are the arcsinh-transformed values for immune response-related molecules (A) and metabolic pathway
proteins (B). C, A schematic is shown to summarize the tAFP-induced immune-metabolic changes. D, A heatmap of various metabolic markers was generated
and hierarchical clustering was performed on the basis of marker expression and treatment condition. The red box indicates the unique clustering of the
tAFP-treated cells. Data are representative of three separate healthy donors, each performed in a single replicate.
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tAFP induces transcriptional changes consistent with
polyunsaturated fatty acid exposure

Given the AFP-induced protein level changes in multiple transcrip-
tion factors, we determined the tAFP-induced transcriptional changes
in DCs by microarray (Fig. 4). Principle component (PC) analysis
revealed tAFP clustered separately from OV A and nAFP, and PC1 and
PC2 were independently significant (Fig. 4A). We developed volcano
plots for the three possible comparisons to determine differentially
expressed genes (DEG). Consistent with the metabolic data, analysis
revealed that pathways associated with lipid metabolism were signif-
icantly downregulated in tAFP compared with nAFP. The upregulated
gene pathways demonstrated a stress response to metal ions, partic-
ularly zinc (Fig. 4B).

To dissect these classifications, we analyzed individual genes that
could be important in promoting glycolysis and downregulated FA
uptake or oxidation. Consistent with tAFP decreasing free glucose in
the media and increasing lactate concentrations, we observed an
increase in SLC2A3 (GLUT3) gene expression (Fig. 4C). In contrast,
we observed a consistent tAFP-induced downregulation with genes
involved in fatty acid metabolism, including genes encoding PDH,
ACLY, ACC, FASN, LPL, CD36, and CACT (Fig. 4C). Interestingly,
the ACS gene did not reach statistical significance, and tAFP
increased the gene expression of CPT1A. Overall, these data provide
strong orthogonal evidence in agreement with the SCENITH and
scMEP experiments that tAFP alters fatty acid metabolism at the
transcript level.

tAFP ligands are enriched for Zn and polyunsaturated fatty
acids

To further define the mechanism by which tAFP alters metabolism
and function of DC (more so than nAFP), we examined the AFP-
bound LMM ligands (29) that we previously demonstrated altered
immunoregulatory properties of tAFP?*, nAFP has been previously
shown to bind more polyunsaturated fatty acids (PUFA; ref. 49) and
Zn (39, 40) than albumin. Zn can induce tolerogenic DC (50), and
PUFAs are known inhibitors of DC differentiation (51) and have
previously been shown to limit lipid metabolism in hepatocytes, in
particular through the direct downregulation of the FASN gene. These
findings, taken together, suggest that the tAFP may bind more Zn and
PUFAs compared with nAFP, and therefore result in more potent
immunometabolic changes.

On the basis of the g:Profiler Zn gene signature (Fig. 4B), we
quantified the amount of intracellular Zn in OVA, nAFP, and tAFP-
treated iDCs. Monocytes were differentiated to iDCs in the presence of
OVA, nAFP, or tAFP. The tAFP-treated DC had a statistically
significant approximately 30% increase in Zn MFI compared with
nAFP (P = 0.0293) or OVA-treated (P = 0.0228) iDCs (Fig. 5A).
These findings are consistent the transcriptional data (Fig. 4), and
demonstrate that tAFP is more efficient at increasing intracellular Zn
concentrations in iDCs, when compared with OVA or nAFP.

OVA, nAFP, and tAFP LMM ligands were quantified by mass
spectrometry and gas chromatography. The total quantity of bound
fatty acids was similar among all proteins, with a mean concentration
of approximately 1,500 pmol/mL. In contrast, tAFP bound less
saturated fatty acids (SUFA; mean = 77%) compared with nAFP
(82%, P=10.0003) or OVA (99%, P <0.0001). Although the amount of
monounsaturated fatty acids (MUFA)was low among all proteins,
tAFP bound 2- and 4-fold more MUFAs compared with OVA (P =
0.0042) and nAFP (P = 0.0318), respectively (Fig. 5B). PUFAs were
greater on tAFP (P < 0.0001) and nAFP (P = 0.0003) when compared
with OVA. On the basis the terminal double-bond location, PUFAs
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can be further divided into ®-3 and ®-6. Both tAFP (P = 0.0067) and
nAFP (P = 0.0264) had greater ®-3:00-6 ratios than OVA. Next, we
examined each protein’s ligand composition based upon the carbon
length and the number of double bonds of each FA. Although we did
not observe a bias based on FA length, nAFP and tAFP tended to bind
FAs with 4 or more double bonds. Next, we analyzed the proportion of
individual FAs from each protein (Fig. 5C). We hypothesized
that FAs present in high quantities in the media would be unlikely
to mediate tAFP’s immunoregulatory properties, and FAs unique
to tAFP would be compelling candidates. To identify FAs statisti-
cally unique to tAFP, we generated volcano plots for all three
possible comparisons (Fig. 5D). Only a single fatty acid, 17:0, was
increased on OVA. As expected, both nAFP and tAFP bound
several PUFAs at a greater concentration relative to OVA. When
comparing nAFP and tAFP, PUFAs were enriched on nAFP (18:2,
18:3 N3) and tAFP (16:1, 20:3 N6, 22:5 N3, 20:5). To determine
which were shared or unique based on each comparison, a Euler
diagram of all the differentially bound fatty acids was generated
(Fig. 5E). Several of these differentially bound FAs were present in
the media (18:2, 18:3 N3, 16:1, 18:1) or attached equally to nAFP
and tAFP (20:4, 22:6, 22:5N6). However, the three fatty acids 20:5,
20:3 N6, 22:5N3 were statistically increased on tAFP and not
present in the other comparisons.

PUFA restore tAFP’s suppression of DCs

We developed an in vitro assay to screen-specific FAs that are
necessary for tAFP-mediated suppression of DC formation (Fig. 6A;
Supplementary Fig. S2). Many of the FAs screened have known roles in
promoting (52, 53) or limiting DC differentiation (51). Therefore, to
determine their necessity for tAFP-mediated DC suppression, we
titrated several FAs unique to tAFP (20:3 N6, 20:5, and 22:5 N3), and
other PUFAs to determine the concentration they lost their inherent
ability to suppress DC differentiation in the absence of OVA, nAFP, or
tAFP (Fig. 6A). None of the FAs, at any concentration, tested induced
production of lactate to levels caused by tAFP, indicating that lactate
secretion and reduced costimulatory molecule expressions are sepa-
rable immune suppression effects. Treatment with high concentra-
tions (5-20 umol/L) of 16:0 (palmitic acid) tended to decrease the
production of lactate relative to control cells (black-dashed line),
suggesting a less glycolytic phenotype (Fig. 6B). All three PUFAs at
high concentrations inhibited CD206 expression on DCs (51), at levels
equivalent to or greater than tAFP treatment. In contrast, the SUFA
16:0 (palmitic acid) tended to promote DC differentiation (52). All
PUFAs lost immunoregulatory activity at the 0.2 pmol/L concentra-
tion (Fig. 6B).

Although all of the PUFAs could inhibit CD206 expression of DC,
they did not robustly increase lactate production under these condi-
tions; in contrast, the saturated FA palmitic acid was unique in its
ability to increase CD206 expression and decrease lactate secretion
(Fig. 6A). None of the FAs combined with either OVA, nAFP or tAFP
induced lactate secretion comparable with native tAFP. When mea-
suring CD206 expression at the iDC stage, we observed immunoreg-
ulatory activity with FAs 20:3 N6 and 20:4 when combined with tAFP
—but not with OVA or nAFP (Fig. 6A). For mDC, we observed
inhibition (~15%) of CD206 expression with 20:3 N6, 20:4, and 22:4
when combined with tAFP (Fig. 6B). The more modest reduction at
the matured DC (matDC) timepoint suggests that treatment with
rIFNy and LPS can partially, but not entirely reverse, the effects of
HMM tAFP + PUFAs. When multiple FA + HMM tAFP were
compared with controls, only 20:3N6 and 20:4 showed significantly
reduced CD206 expression (Fig. 6B). Importantly, in the metabolism
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Figure 4.

DC gene expression profiles. A, Monocytes from healthy donors (N = 4) were differentiated into iDCs in the presence of OVA, nAFP, and tAFP and gene
expression profiles were determined by microarray. Principle components were determined and color coded by treatment condition. Volcano plots were
generated to identify genes that were differentially enriched (>2-fold change, significant adjusted P value) and that list of genes was used in a functional
enrichment analysis by g:Profiler. B, Shown are predicted upregulated and downregulated pathways between tAFP and nAFP. C, Shown are differences
in genes involved in glycolysis and fatty acid metabolism pathways, and a schematic summary of tAFP upregulated (red) and downregulated (blue) genes.

Data are from four healthy donors, each performed once. ns, nonsignificant; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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tAFP bound lipids are enriched for PUFAs. A, Levels of zinc were quantified in iDCs treated with OVA (black), nAFP (blue) or tAFP (red) in three technical replicates
from a single donor and are shown as histograms as well as Zn MFls (percentage of controls). B, Shown are the total mass of all bound fatty acids and the proportion
that are saturated, monounsaturated, and polyunsaturated (PUFA) fatty acids. C, Displayed are the proportions of individual fatty acids present in CellGenix DC
media, OVA, nAFP, or tAFP. Shown is a heatmap of the proportion of individual fatty acids bound to each protein. D, Volcano plots were generated on the basis of each
protein compared with each other protein and color-coded on the basis of the class of fatty acid: saturated (green), monounsaturated (yellow), and PUFA (red). The
horizontal dashed line indicates the significance threshold based on an FDR of 1%. E, A Euler diagram demonstrates the various combinations of differentially bound
fatty acids (from C), indicating that they are present in the media and are unique or shared amongst the proteins. Error bars are based on mean =+ SD. Statistical
differences in the mass or proportion of saturated, monounsaturated, or polyunsaturated fatty acids were determined on the basis of a one-way ANOVA with Tukey
multiple comparison test. Volcano plots were generated based upon unpaired t tests using a single pooled variance; multiple comparisons were accounted for using
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Figure 6.

Low molar mass-binding partner screening. A, Low molar mass ligands were removed from OVA, nAFP, and tAFP. Fatty acids (FA) were titered onto iDCs and

supernatant lactate was measured. Control levels are indicated by a black dashed

line and native tAFP lactate induction indicated by a red dashed line. Levels of

CD206 were also measured, with black and red dashed lines indicating control and native tAFP-treated cells, respectively. B, Individual fatty acids were added back to
HMM-purified OVA, nAFP, and tAFP proteins and supernatant lactate, and CD206 levels were measured at the iDC and mDC stage. CD206 gMFI of the HMM + FA

were normalized to the HMM only control. The red dashed line indicates the level of s
significantly associated with a decrease in CD206. Also shown is a schematic of thei
replicates from one healthy donor. ns, nonsignificant.

of -6 FAs, 20:3 N6 is converted to 20:4, which can then be further
converted into a variety of molecules by COX and LOX enzymes
(Fig. 6B). Taken together, these data suggest that PUFAs are necessary
for tAFP inhibition of DC differentiation in vitro. Furthermore, these
effects may result from exposure to increased 20:3 N6 and/or 20:4,
COX/LOX enzymatic derivates of 20:4.

HCC patient monocyte and DC metabolic profiling

To better understand how these in vitro results extend to in vivo
circulating patient myeloid cells, we measured the immunometabolic
profile of patient with HCC and HD PBMCs. SCENITH was used to
determine the percentage of glycolytic capacity and FAAO (Fig. 7A
and B) across cell types. Monocytes were classified as classical
(CD14%CD16™, cMo), intermediate (CD14"CD16", iMo) or non-
classical (CD14 CD16", ncMo). Among the monocyte subsets, met-
abolic differences between HCC and HD were most consistent among
the cMo (Fig. 7A and B). cMo from patients with HCC had decreased
glucose and mitochondrial dependence and increased glycolytic
capacity and FAAO compared with HD (Fig. 7C). Patient-derived
classical monocytes resembled in vitro-differentiated DCs treated with
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uppression seen with native tAFP. The red asterisks indicate the fatty acids most
rrole in fatty acid metabolism. Data were performed with one to three technical

AFP (Fig. 1B), showing decreased mitochondrial dependency and
elevated glycolytic capacity. In contrast with the in vitro-generated
DCs, patients with HCC had decreased glucose dependence and
increased FAAO (Fig. 7D). These in vivo findings are in partial
contrast with the prior in vitro data that suggested AFP-treated DCs
were more glucose-dependent and had decreased FAAO (Fig. 1B).
Regardless of the source of DCs, both in vitro treatment with tAFP or
ex vivo derived from patients with HCC were associated with DCs
retaining a more monocyte-like metabolic phenotype, consistent with
tAFP impairing the immunometabolic reprogramming required for
generating immunostimulatory DCs.

Given the correlation between metabolic state and suppression of
key stimulatory molecules (Fig. 2), we measured immune markers on
cMo and DCs. The immunoglobulin-like transcript 3 (ILT3) is an
important inhibitory receptor expressed on multiple myeloid cells,
including monocytes and DCs (54-56). Consistent with a more
immunoregulatory phenotype, HCC cMo (Fig. 7E) and DCs
(Fig. 7F) expressed more ILT3 compared with HDs. Consistent with
the in vitro data, CD206 was decreased in HCC patient DCs. Inter-
estingly, and in contrast with the in vitro data, HCC DCs expressed less
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PD-L1 (Fig. 7H). Although this may suggest a less immunoregulatory
phenotype because iDCs tend to express less PD-L1 than matDCs, it
could also result from a blockade in full DC differentiation (57). To
understand the connection between these immune markers and their
metabolic profiles, we performed correlations between these immune
markers on DCs and the %FAAO. Although patients with HCC DCs
tended to have greater %FAAO and ILT3 expression, these variables
were not significantly correlated (P = 0.3269, r = 0.3273, Fig. 7I).

The serum concentration of AFP in patient blood (Table 1)
did not show a direct correlation with circulating myeloid cell
phenotypes or metabolic profiles (not shown). This may indicate
that the type or amount of tumor-associated ligands binding tAFP
in vivo vary between patients and tumors. This was not entirely
unexpected, as our previous clinical trial analyses of DC vaccina-
tion, and of NK, CD8", and CD4" T-cell activity in AFP" and
AFP™ patients with HCC showed significant skewing and dysfunc-
tion that was not directly correlated to in vivo serum AFP con-
centrations (23, 24, 25, 58, 59, 60). Similarly, the tumor microen-
vironment concentrations of AFP are likely different from circu-
lating concentrations.

Discussion

Here, using scMEP, we have identified key metabolic pathways
and both transcriptional and protein-level regulatory molecules
used by tAFP to suppress DC function. nAFP modestly increases
glucose uptake and glucose-dependent metabolism and similarly
reduces FAO. tAFP has a much more potent impact on DC
metabolism, promoting a complete dysregulation of all measured
metabolic pathways. tAFP-exposed DCs take up more glucose and
secrete high levels of lactate, which is a well-recognized immune
suppressive mediator (61, 62, 63). We recently showed that mono-
cytes cultured in vitamin D3 to become functionally tolerogenic also
have increased reliance on glycolysis and secrete high levels of
lactate (48). Lactate blockade reversed the immune-suppressive
phenotype of the tolerogenic DC. Here, we show that tAFP has a
similar effect on DC.

We have also identified specific FA-binding partners of AFP
that mediate some of these effects. These findings are consistent
with groups that have shown that PUFAs inhibit DCs, some of these
have been previously described (DPA, AA, and EPA) whereas
others are newly described here (Dihomo-gamma). We also found
consistent data that palmitic acid can promote DC differentiation
and are the first to observe that palmitic acid can promote OxPhos.
In our examination of the transcriptional pathways associated
with Zn, our findings are consistent with groups who have shown
Zn can induce tolerogenic DC. We now show that tAFP delivers
more Zn intracellularly than nAFP and induces a glycolytic phe-
notype in DCs. Although AFP has been known to bind Zn, here, we
report that the Zn bound to tAFP is important for the observed
glycolytic switch.

It is important to consider is that metabolism of in vitro cultured
DC may not fully reflect cellular metabolism in circulating cells
in vivo, given the high concentration of glucose commonly present
in culture media. Our comparative SCENITH analysis of HD and
HCC PBMC revealed DCs that more closely resembled the meta-
bolic profile of monocytes than of DCs. Both in vitro-generated DCs
treated with tAFP and ex vivo DCs from patients with HCC had
decreased mitochondrial dependency and increased glycolytic
capacity when compared with controls. However, though in vitro
generated DCs had increased glucose dependency and decreased
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FAAO compared with controls, we saw the opposite pattern in
HCC-derived DCs. Despite the similarities and differences between
the in vitro and ex vivo DCs, in both instances, DCs treated with
tAFP or derived from patients with HCC more closely resembled
their respective monocyte metabolic profiles. These findings are
consistent with tAFP limiting the immune-metabolic reprogram-
ming during monocyte differentiation yielding DCs retaining
monocyte profiles. Of note, there are several drugs (including
TPST1120; ref. 64) being studied in HCC to inhibit PPARa and
FAO. Such an approach could negatively impact the myeloid
compartment and immune reactivity while targeting metabolic
dysfunction in tumor cells, which could be investigated.

These data provide mechanistic insights on how AFP antagonizes
the innate immune response to limit antitumor immunity in vivo.
Understanding the impact of tAFP on the tumor immune microen-
vironment may inform the development of future immune checkpoint
inhibition combination strategies in HCC overall and in the subset of
patients with high tumor AFP expression. Furthermore, these data
suggest novel strategies to generate more potent DC vaccines for
patients with HCC, including supplementing culture media with
SUFAs and inclusion of Zn chelators.
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