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Immunomodulatory impact of a-fetoprotein

Paul V. Munson, "? Juraj Adamik, "% and Lisa H. Butterfield ® 2

a-Fetoprotein (AFP) is a fetal glycoprotein produced by most human hepatocel-
lular carcinoma tumors. Research has focused on its immunosuppressive
properties in pregnancy, autoimmunity, and cancer, and human AFP directly
limits the viability and functionality of human natural killer (NK) cells, mono-
cytes, and dendritic cells (DCs). AFP-altered DCs can promote the differentiation
of naive T cells into regulatory T cells. These properties may work to shield tumors
from the immune system. Recent efforts to define the molecular characteristics
of AFP identified key structural immunoregulatory domains and bioactive roles
of AFP-bound ligands in immunomodulation. We propose that a key mechanism
of AFP immunomodulation skews DC function through cellular metabolism.
Delineating differences between fetal ‘normal’ AFP (nAFP) and tumor-derived
AFP (tAFP) has uncovered a novel role for tAFP in altering metabolism via
lipid-binding partners.

AFP: more than a hepatocellular carcinoma (HCC) biomarker

AFP (see Glossary) is a 70-kDa immunoregulatory fetal glycoprotein [1], similar to albumin,
produced by most hepatocellular carcinoma (HCC) tumors [2] and by the fetus. The human
fetus produces nAFP [3]. In HCC, elevated AFP synthesis in the tumor correlates with larger
tumor size, differentiation stage, and inferior survival in HCC patients [4]. The speculation that
AFP might function to prevent antifetal or antitumor immune responses has paved the way for
numerous studies focusing on the roles of both NAFP and tAFP and their effects on a variety of
immune cell types (Figure 1) [5]. Indeed, previous work has examined the immunosuppressive
properties of AFP in pregnancy (Box 1), autoimmunity (Box 2), and cancer. Here, we re-examine
nNAFP and tAFP biology, as well as newly identified mechanisms of how AFP might exert certain
immunosuppressive effects. In this opinion article we note the differential effects of AFP molecules
(NAFP vs. tAFP) on immune cells such as T cells, DCs, and NK cells, and we discuss potential
strategies to overcome AFP-mediated immunosuppression by understanding its putative role in
immunometabolism. The ability of AFP to bind molecules that modify its function results in pleiotro-
pic immunomodulatory effects.

AFP binds fatty acids

AFP can bind a variety of molecules, including bilirubin [6], metals [7], and fatty acids [8]. When
evaluating bound species for tAFP immunosuppressive effects, the source and purification
method, as well as the immunological readout, are essential. For instance, rat AFP binds estrogen
[9], which harbors immunological properties; however, human AFP cannot bind estrogen [10]. In
1978, the binding of fatty acids to AFP was quantified [11]; adult aloumin and nAFP bound a similar
amount of fatty acids at a molar ratio of approximately 2:1. However, adult albumin exhibited a
higher affinity for saturated fatty acids, whereas nAFP preferentially bound unsaturated fatty acids.
In particular, NAFP bound polyunsaturated fatty acids (PUFAs) more potently than
human or fetal aloumin. These nAFP-bound PUFAs were enriched in docosahexaenoic acid
(22:6), arachidonic acid (20:4), and to a lesser extent linoleic acid (18:2) [10]. The binding of fatty
acids to AFP is relevant for immunosuppression mechanisms and will be discussed further (Figure 2).
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Cord blood-derived alpha-fetoprotein
(AFP) has an incompletely understood
role in pregnancy, as well as in autoim-
mune diseases. AFP is currently being
investigated as a potential therapeutic for
multiple autoimmune diseases. These di-
verse biological roles are complicated by
earlier approaches that did not account
for AFP sources (where a tumor-derived
AFP might be more potently immunosup-
pressive than normal AFP due to differen-
tial binding partner molecules.

Tumor-derived AFP has broad immu-
nosuppressive effects on multiple cell
types, including NK cells, NKT cells,
and dendritic cells (DC). The mecha-
nisms of action include AFP protein
and non-protein binding partners. AFP
can also have indirect effects on lym-
phocytes after uptake by DCs, as well
as after direct uptake by lymphocytes.

A key mechanism of AFP-mediated im-
munosuppression involves the binding
of lipid partners which can modulate
cellular metabolism. Lipid-AFP com-
plexes can impact DC phenotype, func-
tion, and metabolic pathway utilization.
Some of these lipids have been identi-
fied as polyunsaturated fatty acids
which can preferentially bind AFP.
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Putative intrinsic and extrinsic mechanisms of AFP immunosuppression

Direct evidence that specifically evaluates AFP-mediated immune cell suppression came from
murine studies; for instance, a report demonstrated that human AFP could inhibit antibody
responses [12] and the proliferation of human blood isolated lymphocytes in vitro [13], and that
nAFP was more effective than tAFP at inhibiting mitogen-induced mixed lymphocyte reactions
(MLR) [13]. These data showed initial evidence of the biological differences between nAFP and
tAFP in their presumed immunoregulatory properties. The early observation also suggested
that AFP might potentially suppress immune responses via intrinsic factors (e.g., the abundance
of different isoforms, glycosylation patterns, etc.), as well as extrinsic factors such as binding
partners (e.g., various hormones, prostaglandins, fatty acids) (Figure 2).

In addition to AFP intrinsic factors, additional work explored whether noncovalently bound
low molecular mass (LMM) binding partners of AFP (that could be eluted away from AFP)
might play an immunosuppressive role in host responses. For example, indirect evidence has
suggested that noncovalently bound species might be responsible for AFP-mediated immuno-
suppression, stemming from two studies that isolated rat AFP [14] and human AFP [15,16] by
elution from immunosorbent columns. This purification method (with serum antibodies and size
exclusion) removed noncovalently bound molecules and eliminated the inhibitory activities of
AFP in both preparations; this suggested that these noncovalently bound LMM species might
be important, contributing to immunosuppressive activities on allogeneic MLR proliferation to
human AFP [16].

Evidence for AFP-mediated immunosuppressive effects on NK cell function and
survival

Causal evidence for an impact of AFP on NK cells came from a study that evaluated the effects
of AFP in vitro and demonstrated that murine NK cells pretreated with nAFP exhibited
diminished cytolytic effector functions compared with nontreated cells [17]. Moreover, these
effects seemed to be independent of any bound products of nAFP (e.g., prostaglandins)
because the preparation biochemically removed any such species, suggesting a potential
intrinsic inhibitory effect of NAFP [17]. Furthermore, another study evaluated the effects of
nNAFP on human NK cells [18] in vitro, and — in agreement with a previous report showing
NK suppression in vivo in Japanese quail [19] — determined that the nAFP-mediated
suppression of NK cells was due to an indirect mechanism involving the modulation of
DC function. Specifically, nAFP-treated NK cells exhibited reduced target-cell killing
because AFP treatment in vitro decreased DC production of interleukin 12 (IL-12)
compared with albumin [20].

Our research group found that both nAFP and tAFP induced a proinflammatory secreted
IL-2 response in vitro and could hyperactivate human NK cells independently from any
AFP LMM ligands [20], similar to some of the findings listed earlier [17]. However, we
found that tAFP, and not nAFP, induced NK cell death in vitro and depended on the
presence of a hydrophobic LMM ligand (purified by size-exclusion column chromatography
and examined by mass spectrometry) [20]. We further demonstrated that the NK cells
internalized labeled AFP in vitro, and that NK cells derived from HCC patients harbored
detectable AFP intracellularly [20]. Common apoptosis assays showing the direct induction
of apoptosis by tAFP in NK cells [20] and DCs [21] in vitro suggested that cell death might
be an essential feature of tAFP-mediated immunoregulation, at least in this context. We
argue that both direct and indirect mechanisms might contribute to promoting NK-cell apoptosis
as well as limiting IL-12 production by DCs in certain scenarios; however, further research is
warranted to dissect these mechanisms [20,21].
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Glossary

a-Fetoprotein (AFP): a fetal
glycoprotein. ‘Normal’ (WAFP) is cord-
blood-derived AFP. Tumor-derived AFP
(tAFP) is differentiated from nAFP by its
glycosylation (specifically, it is fucosylated
at the single amino acid that is glycosyl-
ated in all forms of AFP); it is not reported
to be mutated compared with nAFP.
These molecules are closely related to
albumin, but bind different molecules and
have different biological properties.
CD1d: a cell surface molecule on
antigen-presenting cells such as DCs; it
presents lipid antigen to NKT cells.
CD303* plasmacytoid DCs: these
cells have some myeloid as well as
lymphoid cell properties; they can produce
large amounts of IFNs upon stimulation.
Chimeric antigen receptor
engineered T cells (CAR-T cells):
used as a strategy to change the natural T
cell receptor-mediated peptide specificity
of aT cell to instead recognize a
cell-surface protein in a way analogous to
that in which an antibody recognizes a
protein shape. The CAR construct often
incorporates an antibody variable region
linked to intracellular signaling molecules,
triggering the T cell to proliferate and be
activated by a cell surface protein.
Cyclooxygenase (COX) subunit 1:
the mitochondrially encoded gene for
cytochrome C oxidase |, the main
subunit of the cytochrome C oxidase
complex in the electron transport chain.
Dendritic cells (DCs): the most potent
antigen-presenting cells. They can be
differentiated from monocytes in vitro or
purified from in vivo blood and tissues as
several phenotypic subtypes (including
conventional CD1¢*/CD141%). DCs are
involved in the immune antigen
presentation pathway of cross-
presentation: exogenous antigens are
taken up, processed, and presented via
MHC classes | and Il to CD4* and CD8"
T cells, respectively. Immature DCs are
specialized for environmental antigen
capture and processing. Matured DCs
(responding to a variety of environmental
cues such as pathogen-derived signals)
are more specialized in the presentation
of processed antigens to T cells.
Epigenetic imprinting: heritable
structural changes in the way in which
nuclear DNA is remodeled (without
affecting the DNA sequence), making it
more or less accessible to transcription
factors modulating gene expression.
Exhausted phenotypes: cells (e.g., T
cells) that have repeatedly encountered
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AFP can modulate monocyte and DC immune responses

While previous studies suggested that both nAFP and tAFP harbored immunoregulatory properties
[21], the precise mechanism of a DC-mediated contribution was unclear. Of note, the suppressive
effects of AFP on human DCs were shown to persist in vitro for days after its removal [22], suggest-
ing that other downstream effects might occur in the DCs (e.g., long-term reprogramming via a
mechanism such as epigenetic imprinting) or might involve the induction of immunosuppressive
cells propagating immunosuppression over time, even in the absence of AFP [23]. This possibility is
interesting, as long-term effects on DC biology might suggest more than a transient change in an
AFP-mediated signal, but might also suggest an alteration to the epigenome, leading to more
stable changes in DC biology; however, this possibility remains to be tested.

Subsequent studies in mouse models demonstrated that AFP induced T cells to suppress
primary antibody responses in vitro [24]. These findings suggested that at least one mechanism
of AFP-mediated immunosuppression might include the skewing of CD4* T-cell differentiation
towards suppressive regulatory T cells (Tregs). However, the factors and/or cells driving this
skewing remained unknown until experiments in vitro demonstrated that such AFP-mediated in-
duction of suppressor T cells depended on the effect of AFP on monocytes in mice [25].
Moreover, the results indicated that AFP was unlikely to directly impact T cells, but instead,
based on T cell subset cocultures, altered monocyte functions [24,25]. The observed effects of
AFP on monocytes led to the hypothesis that they might preferentially take up AFP through
unique surface receptors (see Outstanding questions). To test this hypothesis, unique receptors
were biochemically identified on the U937 monocyte cell line [26]; a 65-kD putative AFP receptor
was isolated, although it remains uncharacterized. As discussed earlier, efficient routes of AFP
uptaken by multiple immune cells have been reported. Furthermore, AFP treatment on phorbol
12-myristate-13-acetate (PMA)-, lipopolysaccharide (LPS)-, and interferon y (IFN-y)-stimulated
human monocytes was assessed via the production of tumor necrosis factor a (TNFa) and
IL-13 [27]. The study found that decreased TNFa and IL-13 production from murine monocytes
following AFP treatment in vitro (and for all stimuli) depended on the synthesis of the potently
immunoregulatory prostaglandin E2 (PGE,). While these in vitro data were limited to cell lines,

Trends in Immunology

an antigen, or which have encountered an
antigen in a way that does not support cell
activation and differentiation (which
should occur upon activated DC priming);
this can lead T cells to express multiple
negative signaling molecules on their
surface, including expression of inhibitory
checkpoint receptors such as PD-1,
CTLA-4, TIGIT, and LAG-3.
Hepatocellular carcinoma (HCC):
primary liver tumor derived from
hepatocytes.

Mammalian target of rapamycin
complex 1 (nTORC1): the down-
stream metabolic regulators SREBP-1,
FASN, and ACLY are a group of
important enzymes in cellular metabo-
lism.

Natural killer (NK) cells: innate
cytolytic cells that play an essential role in
clearing virally infected cells or tumor cells
without needing antigen-specific priming.
Peroxisome proliferator-activated
receptor-gamma coactivator-1-a
(PGC1-a): a transcription factor which
contributes to regulating mitochondrial
biogenesis.

Polyunsaturated fatty acids
(PUFAs): fatty acids containing two or
more double bonds.

Regulatory T cells (Tregs): a subset
of CD4" T cells expressing the FoxP3
nuclear transcription factor; they are
capable of suppressing immune
responses in antigen-specific and
antigen-nonspecific ways.

tAFP
suppresses
fatty acid
metabolism in
Human AFP is DC's
immuno- AFP inhibition [38]
AFP detected regulatory; Purification of lymphocyte AFP patented tAFP inhibits
in the serum compares methods transformation AFP inhibits as immuno- monocyte tAFP induces tAFP reduces
of an HCC nAFP vs. affect AFP not dependent human suppressive AFP induces differentiation NK cell DC CD1d
patient tAFP suppression on lipids monocytes agent DC apoptosis toDC apoptosis expression
[52] [13] [15] [49] [27] [54] [21] [22] [20] [67]
Humans l T T I I
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Figure 1. Timeline of a-fetoprotein (AFP) discoveries in animal models (e.g., rodents) and humans. AFP biology has been investigated for over 60 years,
particularly as a biomarker for tumor growth in hepatocellular carcinoma (HCC). Studies on AFP as an immunomodulatory protein began 50 years ago. lllustrated
are brief synopses of select papers from studies involving humans (blue, above the arrow) and animal models (green, below the arrow), along with the reference and
year published (bold). Studies that focused on the immunoregulatory properties of AFP were prioritized. Abbreviations: DC, dendritic cell; EAE, experimental
autoimmune encephalomyelitis; NAFP, ‘normal’ cord-blood-derived AFP; NK, natural killer; tAFP, tumor-derived AFP. See [12,13,15,20-22,24,25,27,38,49,51-57,67].
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Box 1. The role of AFP during pregnancy

Initial in vivo evidence for the role of AFP in immunosuppression began in pregnant animal models and humans. The first
indirect evidence that AFP has immunosuppressive properties in vivo was demonstrated by infusing anti-AFP antibodies
into pregnant rabbits, which caused fetal rejection, potentially limiting suppressive maternal immune responses [58].
However, the authors could not rule out the possibility that the anti-AFP antibodies were directly harming the embryo.
Another study provided further evidence that nAFP suppressed maternal immunity by demonstrating that pregnant mouse
serum inhibited antibody synthesis in vitro in an nAFP-dependent manner [59]. Notably, the study showed that pregnant
mice had a diminished immune response to vaccination. However, a variety of non-nAFP pregnancy-associated factors
could have limited vaccine responsiveness. In addition to the role of NAFP in healthy fetal development [60] (e.g., promoting
erythropoiesis [61]), these findings suggested that nAFP played a role in suppressing the maternal immune system to limit
antifetal immune responses and prevent fetal rejection. In partial agreement with these findings from mice, NAFP played a
role in remission of symptoms of myasthenia gravis in pregnant women [62]. Myasthenia gravis is an autoimmune disease
caused by autoantibodies to the acetylcholine receptor (AcChoR), which results in muscle fatigue. In contrast to prior work,
the mechanism was the inhibition of antibody and antigen binding rather than AFP indirectly impacting anti-AcChoR
antibody production [62]. These findings contributed to explain the observation that newborns had a transient expression
of myasthenia gravis symptoms because of the continued presence of maternal anti-AcChorR antibodies and the
subsequent loss of endogenous NAFP [62].

they provide relevant mechanistic insight, indicating that monocytes take up AFP and subse-
quently produce PGE, which limits their functional capacity by limiting the secretion of such
inflammatory cytokines [27].

Subsequent work evaluated AFP-mediated immunosuppression mechanisms using primary
monocyte-derived human DCs. The effects of AFP on monocyte-derived DCs from healthy peo-
ple and HCC patients were analyzed; two significant functional impacts of AFP exposure were
shown: (i) relative to controls, reduced in vitro DC-derived production of TNFa and IL-12 was ob-
served, and (i) DC apoptosis ensued [21]. Moreover, because AFP can in general bind various
compounds that might limit immune function (not specified here), a question that arose was
whether AFP-mediated inhibition of DC function depended on AFP-bound LMM species, or
whether it was intrinsic to the molecule itself. Thus, an approach was to understand which
portion of the AFP molecule inhibited DC IL-12 production. Recombinant AFP was expressed
in Escherichia coli as its separate domains (D1, D2, and D3), and full-length AFP (FL-AFP) was
used as a control molecule [28]. D2 and D3, but not D1, potently suppressed DC-derived
IL-12 production in vitro. Of note, D2 is the domain that can bind fatty acids, consistent with
the earlier mention of AFP-bound fatty acids [29]. In addition, tAFP and nAFP naturally exist as
glycoproteins; however, because this study used AFP synthesized in E. coli— which lacks eukaryotic
glycosylation enzymes — these molecules lacked any attached sugar moieties. Therefore, it was
concluded that the observed DC functional suppression was independent of AFP glycosylation,
suggesting that molecules binding D2 and D3 might be functionally important; however, this finding
does not rule out the possibility that glycans might contribute in some way to other immunoregula-
tory properties of AFP [28].

To better evaluate the differences between nAFP and tAFP, our group sought to examine more
closely these differences in the context of human monocyte differentiation into DCs in vitro [22].
tAFP potently inhibited the differentiation of CD14* monocytes into immature or mature DCs

Box 2. AFP as a therapeutic agent against autoimmunity

AFP has been investigated as a possible therapeutic agent against different types of autoimmunity. One pharmaceutical
company tested recombinant AFP purified from transgenic goats’ milk [63]; it was tested in clinical trials in 2003. These
trials were supported by preclinical in vitro and in vivo data, including observations of remission of rheumatoid arthritis
and multiple sclerosis in pregnancy which correlated with fetal AFP concentrations. The tested form of recombinant
AFP lacked the single glycosylation site. Recently, another company has been testing a proprietary form of AFP based
on preclinical data in mice showing reversal of some effects of myasthenia gravis, and human trials are ongoing.
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Figure 2. Sources of a-fetoprotein (AFP) biochemical diversity. AFP has biological effects in individual protein domains, as an intact protein, as well as in a complex
with a variety of binding partners. Shown are sources of AFP variation (blue, top row) and biochemical variability among AFP (green, bottom row). The primary sources of
AFP variability include the species, clinical condition, tissue, and isolation method. Microheterogeneity of tumor-derived AFP (tAFP) includes the ligands or binding partners,
isoforms, isoelectric points, and post-translational modifications. Abbreviation: HCC, hepatocellular carcinoma.

[as evidenced by the decreased expression of MHC human leukocyte antigen — DR isotype
(HLA-DR) and CD206] when compared to cord-blood-derived nAFP — which has the same
amino acid sequence as tAFP, but is not fucosylated (altered glycosylation relative to tAFP) —
or ovalbumin (OVA)-treated controls [22]. OVA is an evolutionarily related alouminoid protein
with the same size and structure as human AFP and human albumin, and the regulation of
MHC class Il expression and CD206 expression were emblematic of at least eight DC phenotypic
molecules. The observed tAFP immunoregulatory effects depended on the binding of eluted
hydrophobic LMM partners; indeed, the tAFP high molar mass (HMM) or the LMM fractions
alone could not inhibit monocyte-to-DC differentiation, unlike HMM-AFP protein complexed with
the LMM fraction. These findings suggested that the binding of fatty acids might have inhibited
monocyte differentiation into DCs in vitro, a possibility which remains to be rigorously assessed
in vivo. Moreover, the molecular composition of such tAFP binding partners, as well as whether
certain immunosuppressive effects are dependent on a particular fatty acid remain unknown, but
certainly warrant further investigation.
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The effects of AFP binding to fatty acids

One study testing human fetal tissue AFP characterized bound fatty acids and demonstrated that
by removing fatty acids from nAFP, followed by the subsequent addition of the eluted arachidonic
acid, restored the native protein isoelectric point; the arachidonic acid therefore constituted an
important AFP binding partner [11]. Moreover, another study showed that PUFAs blocked DC
activation [30]: specifically, arachidonic acid (20:4), which binds nAFP [11], robustly inhibited
the expression of costimulatory molecules CD40 and CD80 on DCs. Notably, the inhibitory
effects of arachidonic acid were observed even after potent LPS stimulation, as evidenced by
the decreased IL-12 production by DCs compared with untreated controls. Of note, in mouse
models, arachidonic and docosahexaenoic acids can program DCs to produce prostaglandins
(e.g., PGE,) which subsequently limit CD4* T cell proliferation and increase FoxP3 expression
in vitro [31]. The findings using arachidonic acid mirror the effects of AFP to induce PGE, synthesis
[27], and are consistent with the hypothesis that fatty acids may be essential for nAFP- or
tAFP-mediated immunosuppression via Treg induction (see Outstanding questions).

Polyunsaturated fatty acids may also play a role in limiting NK cell function. Eicosapentaenoic acid
(20:50), similar to arachidonic acid but with one additional double bond, limits NK cell cytotoxicity
in vitro [32]. In support of these findings, a randomized, placebo-controlled, double-blind trial
found that dietary supplementation of eicosapentaenoic acid — but not arachidonic acid or fish
oil — led to reduced NK cell activity in healthy subjects aged 55-75 years [33]. However, there
is limited evidence that nAFP can bind eicosapentaenoic acid, and it is unclear whether these
results extend to human tAFP [8]. Nevertheless, some evidence suggests that NK cells, unlike
monocytes and DCs, require arachidonic acid for cytolytic effector functions [34]. Thus, the
potential role of PUFAs on NK cell activity, and whether PUFAs are necessary for tAFP-mediated
NK cell cytotoxicity (and/or NK cell apoptosis) warrant further investigation.

tAFP can alter certain immunometabolic processes

Metabolic reprogramming associated with glycolytic and mitochondrial respiration is central to
DC differentiation, migration, and antigen presentation [35]. DCs require fatty acid synthesis
during maturation and activation in mice and humans [36]. Given prior work implicating lipids [22]
or the decrease in CD1d lipid antigen presentation (Box 3) in AFP-mediated DC differentiation
and phenotype, we assessed the effects of NAFP versus tAFP on DC metabolism [38]. Compared
to OVA-treated DCs, tAFP significantly inhibited mammalian target of rapamycin complex 1
(mTORC1) downstream metabolic regulators sterol regulatory element-binding protein-1
(SREBP-1), fatty acid synthase (FASN), and ATP citrate lyase (ACLY) [38]. Both the mature and
the sterol-mediated cleaved forms of SREBP-1 were predominantly downregulated in tAFP-
exposed DCs compared with nAFP and OVA. Furthermore, reduced intracellular amounts of per-
oxisome proliferator-activated receptor-gamma coactivator-1-a (PGC1-a) due to
inhibition of MTORC1 resulted in decreased mass and depolarization of mitochondria, and tAFP-
treated DCs exhibited low cyclooxygenase (COX) subunit 1 expression relative to controls;
this resulted in suppressed oxygen-dependent respiratory capacity in human DCs, suggesting

Box 3. NKT cell dysregulation by tAFP

Unlike their T cell counterparts, NKT cells are innate-like cells that do not recognize MHC restricted amino acid sequences
but rather CD1d-presented lipidic antigens [64]. NKT cells are also prominent in the microvasculature of the liver and play
essential roles in normal physiology [65]. Given the prominence of NKTs in the liver and their emerging role in cancer
immunotherapy [66], our group also sought to better understand how AFP might regulate CD1d molecules on DCs,
thereby limiting NKT cell function in vitro [67]. We found that both nAFP and tAFP led to significant downregulation of
CD1d on DCs; however, this did not diminish their potential to stimulate NKT cells [67]. Additional work is needed to fully
understand the interplay between DCs and NKT cells, including the modulation of cytokines produced by NKT cells,
focusing on a role for lipids in this cellular immune interaction.
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that a key metabolic pathway (oxidative phosphorylation) was shut down. Moreover, in contrast to
healthy donors (HDs), HCC patient-derived DC subsets — including conventional CD1¢*/CD141*
and CD303* plasmacytoid DCs - expressed reduced amounts of PGC1-a and diminished
mitochondrial potential. Also, HCC CD1c* DCs exhibited impaired cross-presentation capacity
relative to HDs, as they induced CD8* T cells with reduced activation, as well as IFNy, TNFa,
and CD69 expression [38]. Therefore, AFP* HCC patients may have defective DCs which are
less capable of activating autologous T cells than those in healthy individuals.

Towards AFP-based therapeutic approaches in HCC

NK cells account for a large proportion (25-50%) of human liver lymphocytes, and they play an
essential role in liver immunity and homeostasis (reviewed in [37]). Given the ability of tAFP to
dysregulate and kill NK cells directly in vitro, we propose that strategies aimed at diminishing
tAFP production or shielding NK cells from the proapoptotic effects of tAFP might be necessary
to ensure the full antitumor cytotoxic potential of NK cells. Additionally, we argue that AFP-
induced Tregs might also pose a barrier to achieving a robust NK cell response. In support of
this concept, Tregs from HCC patients were associated with diminished autologous NK cell
cytotoxicity and IFN-y production in vitro [38] relative to controls. Our group also demonstrated
that an AFP-based DC vaccine administered subcutaneously to HCC patients both increased
NK cell activation and decreased Treg frequencies [39]. While vaccination activated the HCC
patient-derived NK cells, effector functions were less robust than those of NK cells from HD

tAFP-treated iDC/mDC

- - »
-
-
Surface markers: Metabolism: Cytokines: Surface markers: Metabolism: Cytokines:
\ * Antigen presentation: | ¢ Balanced glycolysisand | Th1 skewing: (IL-12 and / * Reduced ¢ Increased glycolysis Treg skewing: /
(HLA-DR) oxidative IFN-y) . activation * Decreased mitochondria (IL-10 and TGF-B)
« Costimulatory phosphorylation * Increased CD14 * Impaired fatty acid
molecules: (CD86) * Fatty acid synthesis synthesis

Trends Inimmunology

Figure 3. Effects of tumor-derived a-fetoprotein (tAFP) on immature, monocyte-derived dendritic cells (DCs). Typical characteristics of in vitro generated
monocyte-derived (iDC/mDC) (left) versus tAFP-treated (right) are shown. Naturally, DCs will robustly express antigen presentation, costimulatory molecules, and
cytokines to induce robust T cell responses. By contrast, tAFP-treated DCs exhibit reduced antigen presentation and costimulatory molecules and secrete
immunoregulatory cytokines. These tAFP-treated DCs also exhibit an altered metabolic profile when compared to typical DCs. Abbreviations: HLA-DR, human
leukocyte antigen — DR isotype; IL-12, interleukin 12; IFN-y, interferon y; TGFb, transforming growth factor 3.
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controls. These data suggest that combining agents that might neutralize tAFP and diminish Treg
frequencies, administered in conjunction with an AFP-targeting vaccine to ideally promote
immunity against tAFP-producing tumor cells, might be a candidate strategy to induce a potent
response and restore maximal functionality of NK cells, although this remains conjectural.

Of note, we recently showed that tAFP requires PUFAs for potent immunosuppression of mono-
cytes and DCs [20,22] (Munson et al., unpublished). Additionally, tAFP exposure dysregulated
DC mitochondrial homeostasis and metabolism and this, in turn, limited DC antigen presentation
and T cell stimulatory functions in vitro, as noted earlier (Figure 3) [38]. However, an important
limitation to these findings is that it is unknown whether such tAFP effects can be reversed
in vivo; moreover, in vitro, potent DC maturation signals only partially reversed the observed
suppressive DC phenotype of defective antigen presentation and expression of costimulatory
molecules [22]. If replicated in vivo, we argue that strategies that reverse AFP effects might not
be effective, but by contrast, blocking AFP secretion together with promoting the de novo differ-
entiation of DCs and other immune cells from progenitors might (and should) be tested.

In the setting of HCC, as mentioned, AFP can limit innate immunity by inducing tolerogenic DCs
and promoting NK cell apoptosis [19-22] (Figure 4). We propose a model whereby such
tolerogenic DCs might block the development of cancer-specific CD8" cytotoxic T cells (CTLs)
and support the expansion of Tregs. Presumably, by blocking the anticipated regulatory effects
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Figure 4. Model of potential effect of blocking a-fetoprotein (AFP)-mediated immunosuppression. The diagram depicts AFP-induced immunosuppression
(left) and the theoretical outcome of blocking AFP-mediated suppression (right). In the setting of AFP* tumors, the model proposes that dendritic cells (DCs) are
skewed towards a tolerogenic phenotype that weakens CD8" cytotoxic T cells (CTLs), induces Tregs, and limits natural killer (NK) cell activity. Blocking the effects of

tumor-derived AFP (tAFP) might reinvigorate DC function and ideally potentiate a robust T cell response and reversal of NK cell dysfunction.
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of AFP, a robust innate immune response might be induced. Cytolytic NK cells might then kill
tumor cells and release cancer antigens into the environment to be internalized by DCs. Such
DCs, capable of cross-presentation, might present these cancer antigens to naive CD8* T cells
and ideally elicit robust de novo CTL responses as well as potent Th1 responses. We speculate
that, by working in concert, these immune responses might limit tumor growth and improve
patient outcomes. Therefore, understanding how and under which contexts AFP can exert its
suppressive effects might lead to rationally designed candidate AFP-based vaccines aimed at
limiting the immunoregulatory effects of AFP while ideally preserving antigenicity. Because the
D2 and D3 domains of AFP, but not the D1 domain, suppressed DC function in vitro, we propose
that a D1-based AFP vaccine might limit the potential suppressive effects of AFP. Accordingly,
several vaccine approaches have focused on minimal HLA-A*02-restricted CD8 epitopes that
are unlikely to retain the suppressive properties of full-length AFP, and these vaccines are
immunogenic. However, these vaccines harbor modest immunogenicity, which might in theory
be due to insufficient CD4* T cell help deemed important for the induction and maintenance of
AFP-specific CD8* T cells (based on IFNy ELISPOT and MHC multimer assays) [40]. In support
of this concept, AFP-specific CD4* T cells have been detected in the blood of HCC patients
[41], and these responses have been enhanced in vitro with an HLA-DR-restricted peptide [42]
as well as with DC vaccines expressing full-length AFP [43]. A recent study identified an
immunodominant CD4 epitope in AFP, and a synthesized vaccine could induce AFP-specific
CD4* T cells in HCC patients [44]. Therefore, we argue that an approach to develop a successful
candidate DC-based AFP vaccine might be to use the full-length AFP, bearing precise point
mutations that could specifically block the binding of ligands predicted to be immunosuppressive,
while ideally inducing robust CD4* and CD8" T cell responses (see Outstanding questions).

Other immunotherapeutic approaches to treating HCC might include the use of AFP-specific
ex vivo engineered T cells [45]. We propose that by using cells generated ex vivo , it might be
possible to address some of the limitations of using AFP vaccine-generated T cells, including
their low frequency within tumors and exhausted phenotypes. Indeed, to develop an engineered
T cell receptor (TCR)-based approach, one group generated AFP-specific CD8™ T cells in vitro from
HDs [46]. AFP-specific CD8" T cell TCR o/ chain genes were inserted into a lentiviral vector to
engineer such T cells. These AFP-specific engineered cells killed HepG2 cells in vitro and in vivo
when implanted into immunodeficient mouse tumor models [46]. Of note, AFP-specific chimeric
antigen receptor engineered T cells (CAR-T cells) are currently being developed towards
MHC-restricted AFP peptides, initially showing that they are highly specific for the HLA-A*02:01-
restricted AFP455_166 PePtide, and have led to a rapid and robust decrease in tumor growth of
both HepG2 and SK-HEP-1 cells in mouse models [47]. Consequently, these studies encourage
the further development of engineered T cells to target AFP* tumors.

Concluding remarks

Prior work has yielded significant insights, reporting certain immunosuppressive properties of
AFP which can affect NK cell viability and functionality, and limit monocyte and DC function, as
well as indirectly skewing CD4* T cells towards a Treg phenotype in vitro. The proposed mech-
anisms for these suppressive functions may include: (i) the transportation of immunosuppressive
AFP-bound LMM species, and (i) certain intrinsic properties of the AFP protein which may include
immune cell functions. However, many apparently contradictory data from previous studies
[9,10,13,17,48,49] might be the result of differences in host species, clinical conditions, tissue
sources, and isolation methods (Figure 2). These differences may affect various biochemical
properties, such as the removal of bound ligands, the enrichment of select isoforms, as well as
the status of isoelectric points and post-translational modifications (i.e., sialylation). The variation
in biochemical properties may in turn limit or enhance the immunosuppressive properties of AFP,
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Outstanding questions

How are fatty acids that are bound to
AFP protein metabolized intracellularly
to impact cellular metabolism? AFP
can bind multiple fatty acids, but the
resulting impact on cellular metabolism
may likely depend on how these mole-
cules are metabolized into signaling
mediators. Additional research is
needed to determine if PUFAs mediate
NAFP- or tAFP-induced DC suppres-
sion or the generation of tolerogenic
DCs, which might potentially identify
opportunities for intervention.

Do the pathways by which AFP is
taken up by different cell types impact
the functional outcomes? There is a
putative AFP cell surface receptor, as
well as AFP uptake by the mannose re-
ceptor and scavenger receptors. Does
the mode of uptake lead to differential
biological impacts? If so, blockade of
some receptors might be an opportu-
nity to inhibit AFP uptake.

What is the best approach to block
immunosuppressive effects of AFP in
cancer? Targeting AFP-positive tumor
cells is complex. Is there another ap-
proach to blocking AFP secretion by
tumors? The results of adoptive T cell
therapy clinical trials may yield new
perspectives.

How can AFP-mediated immunosup-
pression be harnessed to treat certain
autoimmune diseases? Will it behave
similarly for different autoimmune dis-
eases? Will systemic infusion of AFP
protein be sufficient to improve autoim-
mune disease pathology, or should
AFP complexes and other molecules
such as fatty acids be tested? AFP sta-
bly complexed with specific fatty acids
might potentially yield more robust
inhibitory effects compared to AFP
alone.
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and thus many questions remain (see Outstanding questions). Moreover, even when anticipating
an ideally full reversal of tAFP-specific effects, there are clearly multiple other immunoregulatory
barriers to developing successful immunotherapies against HCC [50]. This tolerance might likely
be, at least in part, because the liver is exposed to blood which is rich in gut-derived microbial
products, and food-derived antigens enter the liver via the portal vein. Immune cells in the liver
can produce IL-10, among potently suppressive molecules. The liver's tolerogenic nature, includ-
ing the production of immunosuppressive IL-10, might contribute to explaining why the 5-year
HCC-specific survival of patients not receiving surgery has been reported as being 14.7% for
AFP-negative patients versus 6.1% for AFP-positive patients, but this remains to be robustly
investigated [4]. Nevertheless, we posit that strategies to reverse the suppressive effects of
tAFP while also increasing tumor-specific immune responses might contribute to help improve
HCC patient survival.

Acknowledgments
Funding was provided by the Parker Institute for Cancer Immunotherapy. Expert graphic design assistance with the figures
was provided by Khriszha H. Quema-Yee (Parker Institute for Cancer Immunotherapy).

Declaration of interests
No interests are declared.

References
1. Mizejewski, G.J. (2001) A-fetoprotein structure and function: 17. Cohen, B.L. et al. (1986) Suppression by a-fetoprotein of murine
relevance to isoforms, epitopes, and conformational variants. natural Killer cell activity stimulated in vitro and in vivo by inter-
Exp. Biol. Med. 226, 377-408 feron and interleukin 2. Scand. J. Immunol. 23, 211-223
2. Chan, S.L. et al. (2009) New utility of an old marker: serial a- 18. Yamamoto, M. et al. (2011) a-Fetoprotein impairs activation of
fetoprotein measurement in predicting radiologic response and natural Killer cells by inhibiting the function of dendritic cells.
survival of patients with hepatocellular carcinoma undergoing Clin. Exp. Immunol. 165, 211-219
systemic chemotherapy. J. Clin. Oncol. 27, 446-452 19. Yamada, A. and Hayami, M. (1983) Suppression of natural killer
3. Blohm, M.E. et al. (1998) A 1-fetoprotein (AFP) reference values cell activity by chicken a-fetoprotein in Japanese quails. J. Natl.
in infants up to 2 years of age. Pediatr. Hematol. Oncol. 15, Cancer Inst. 70, 735-738
135-142 20. Vujanovic, L. et al. (2017) Tumor-derived a-fetoprotein directly
4. Bai, D.-S. et al. (2017) The prognostic correlation of AFP level at drives human natural killer cell activation and subsequent cell
diagnosis with pathological grade, progression, and survival of death. Cancer Immunol. Res. 5, 493-502
patients with hepatocellular carcinoma. Sci. Rep. 7, 12870 21. Um, S.H. et al. (2004) a-Fetoprotein impairs APC function and
5. Smith, J.A. et al. (1971) Human « fetoprotein in body fluids. induces their apoptosis. J. Immunol. 173, 1772-1778
Br. J. Cancer 25, 337-342 22. Pardee, AD. et al. (2014) Tumor-derived a-fetoprotein impairs
6. Ruoslahti, E. et al. (1979) Binding of bilirubin by bovine and the differentiation and T cell stimulatory activity of human den-
human a-fetoprotein. Biochim. Biophys. Acta 578, 511-519 dritic cells. J. Immunol. 193, 5723-5732
7. Permyakov, S.E. et al. (2002) Human a-fetoprotein as a Zn(2+)- 28. Parpart, S. et al. (2014) Modulation of miR-29 expression by
binding protein. Tight cation binding is not accompanied by a-fetoprotein is linked to the hepatocellular carcinoma epigenome.
global changes in protein structure and stability. Biochim. Hepatology 60, 872-883
Biophys. Acta 1586, 1-10 24. Murgita, R.A. et al. (1977) a-Fetoprotein induces suppressor
8. Aussel, C. and Masseyeff, R. (1983) Human a-fetoprotein—fatty T cells in vitro. Nature 267, 257-259
acid interaction. Biochem. Biophys. Res. Commun. 115, 38-45 25. Peck, AB. et al. (1982) Cellular and genetic restrictions in the immu-
9. Aussel, C. and Masseyeff, R. (1978) Rat a-fetoprotein—estrogen noregulatory activity of a-fetoprotein. ll. Role of the MLC-stimulating
interaction. J. Steroid Biochem. 9, 547-551 cell population in a-fetoprotein-induced suppression of T cell-
10. Swartz, S.K. and Soloff, M.S. (1974) The lack of estrogen mediated cytotoxicity. J. Immunol. 128, 1134-1140
binding by human a-fetoprotein. J. Clin. Endocrinol. Metab. 26. Suzuki, Y. et al. (1992) Isolation and partial characterization of a
39, 589-591 specific a-fetoprotein receptor on human monocytes. J. Clin.
11. Parmelee, D.C. et al. (1978) The presence of fatty acids in human Invest. 90, 1530-1536
a-fetoprotein. J. Biol. Chem. 253, 2114-2119 27. Wang, W. and Alpert, E. (1995) Downregulation of phorbol 12-
12. Murgita, R.A. and Tomasi, T.B. (1975) Suppression of the myristate 13-acetate-induced tumor necrosis factor-a and
immune response by a-fetoprotein on the primary and secondary interleukin-1f3 production and gene expression in human mono-
antibody response. J. Exp. Med. 141, 269-286 cytic cells by human a-fetoprotein. Hepatology 22, 921-928
13. Yachnin, S. (1976) Demonstration of the inhibitory effect of 28. Setiyono, A. et al. (2011) Immunoregulatory effects of AFP
human a-fetoprotein on in vitro transformation of human domains on monocyte-derived dendritic cell function. BMC
lymphocytes. Proc. Natl. Acad. Sci. 73, 2857-2861 Immunol. 12, 4
14. Sel,, S. et al. (1977) Effects of a-fetoprotein on murine immune 29. Nishihira, J. et al. (1993) The fatty acid binding site of
responses. |l. Studies on rats. J. Immunol. 119, 98-103 human a-fetoprotein. Biochem. Biophys. Res. Commun.
15. Goeken, N.E. and Thompson, J.S. (1977) Conditions affecting 196, 1049-1057
the immunosuppressive properties of human a-fetoprotein. 30. Zeyda, M. et al. (2005) Polyunsaturated fatty acids block
J. Immunol. 119, 139-142 dendritic cell activation and function independently of NF-«kB
16. Auer, 1.O. and Kress, H.G. (1977) Suppression of the primary activation. J. Biol. Chem. 280, 14293-14301
cell-mediated immune response by human a-fetoprotein 31. Carlsson, J.A. et al. (2015) The polyunsaturated fatty acids ara-
in vitro. Cell. Immunol. 30, 173-179 chidonic acid and docosahexaenoic acid induce mouse

Trends in Immunology, June 2022, Vol. 43, No. 6~ 447


http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0005
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0005
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0005
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0010
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0010
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0010
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0010
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0015
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0015
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0015
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0020
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0020
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0020
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0025
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0025
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0030
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0030
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0035
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0035
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0035
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0035
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0040
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0040
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0045
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0045
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0050
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0050
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0050
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0055
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0055
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0060
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0060
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0060
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0065
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0065
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0065
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0070
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0070
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0075
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0075
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0075
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0080
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0080
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0080
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0085
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0085
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0085
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0090
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0090
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0090
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0095
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0095
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0095
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0100
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0100
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0100
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0105
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0105
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0110
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0110
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0110
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0115
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0115
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0115
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0120
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0120
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0125
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0125
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0125
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0125
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0130
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0130
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0130
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0135
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0135
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0135
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0135
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0140
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0140
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0140
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0145
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0145
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0145
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0150
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0150
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0150
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0155
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0155
CellPress logo

¢? CellPress
OPEN ACCESS

32.

33.

34.

36.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

dendritic cells maturation but reduce T-cell responses in vitro.
PLoS ONE 10, 0143741

‘Yamashita, N. et al. (1986) Inhibition of natural killer cell activity of
human lymphocytes by eicosapentaenoic acid. Biochem.
Biophys. Res. Commun. 138, 1058-1067

Thies, F. et al. (2001) Dietary supplementation with eicosapentaencic
acid, but not with other long-chain n-3 or n-6 polyunsaturated fatty
acids, decreases natural killer cell activity in healthy subjects aged
>55y. Am. J. Clin. Nutr. 73, 539-548

Whalen, M.M. et al. (1999) Lysophosphatidylcholine and arachi-
donic acid are required in the cytotoxic response of human
natural killer cells to tumor target cells. Cell. Physiol. Biochem.
9, 297-309

Weulek, S.K. et al. (2019) Metabolic control of dendritic cell
functions: digesting information. Front. Immunol. 10, 775
Rehman, A. et al. (2013) Role of fatty-acid synthesis in dendritic
cell generation and function. J. Immunol. 190, 4640-4649

Cai, L. et al. (2008) Functional impairment in circulating and
intrahepatic NK cells and relative mechanism in hepatocellular
carcinoma patients. Clin. Immunol. 129, 428-437

Santos, P.M. et al. (2019) Tumor-derived a-fetoprotein sup-
presses fatty acid metabolism and oxidative phosphorylation in
dendritic cells. Cancer Immunol. Res. 7, 1001-1012

Bray, S.M. et al. (2011) Dendritic cell-based vaccines positively
impact natural killer and regulatory T cells in hepatocellular carci-
noma patients. Clin. Dev. Immunol. 2011, 249281

Butterfield, L.H. et al. (1999) Generation of human T-cell
responses to an HLA-A2.1-restricted peptide epitope derived
from a-fetoprotein. Cancer Res. 59, 3134-3142

Ritter, M. et al. (2004) Immunoregulation of dendritic and T cells
by a-fetoprotein in patients with hepatocellular carcinoma.
J. Hepatol. 41, 999-1007

Alisa, A. et al. (2005) Analysis of CD4+ T-cell responses to a
novel a-fetoprotein-derived epitope in hepatocellular carcinoma
patients. Clin. Cancer Res. 11, 6686-6694

Evdokimova, V.N. et al. (2007) AFP-specific CD4+ helper T-cell
responses in healthy donors and HCC patients. J. Immunother.
30, 425-437

Tamai, T. et al. (2020) A novel a-fetoprotein-derived helper
T-lymphocyte epitope with strong immunogenicity in patients
with hepatocellular carcinoma. Sci. Rep. 10, 4021

Rochigneux, P. et al. (2021) Adoptive cell therapy in hepatocellular
carcinoma: biological rationale and first results in early phase
clinical trials. Cancers 13, 271

Sun, L. et al. (2016) Engineered cytotoxic T lymphocytes with
AFP-specific TCR gene for adoptive immunotherapy in hepato-
cellular carcinoma. Tumour Biol. J. 37, 799-806

Liu, H. et al. (2017) Targeting A-fetoprotein (AFP)-MHC complex with
CAR T-cell therapy for liver cancer. Clin. Cancer Res. 23, 478-488
Yachnin, S. et al. (1980) Lipid interactions with human
a-fetoprotein (AFP). A study of the role of such interactions in

448  Trends in Immunology, June 2022, Vol. 43, No. 6

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Trends in Immunology

the ability of human AFP to suppress lymphocyte transforma-
tion. Oncodev. Biol. Med. 1, 273-285

Yachnin, S. et al. (1980) Further studies on the mechanism of
suppression of human lymphocyte transformation by human a
fetoprotein. J. Allergy Clin. Immunol. 65, 127-135

Thomson, A.W. and Knolle, P.A. (2010) Antigen-presenting cell
function in the tolerogenic liver environment. Nat. Rev. Immunol.
10, 753-766

Abelev, G.I. et al. (1963) Production of embryonal a-globulin by
transplantable mouse hepatomas. Transplantation 1, 174-180
Tatarinov, Y.S. (1964) Detection of embryo-specific a-globulin in
the blood serum of a patient with primary liver cancer. Vopr.
Med. Khim. 10, 90-91 (in Russian)

‘Yamashita, T. et al. (1994) Evidence that a-fetoprotein suppresses
the immunological function in transgenic mice. Biochem. Biophys.
Res. Commun. 201, 1154-1159

Murgita R.A., Merrimack Pharmaceuticals Inc. Recombinant
human alpha-fetoprotein as an immunosuppressive agent
US20090053254A1

Irony-Tur-Sinai, M. et al. (2009) Immunomodulation of EAE by a-
fetoprotein involves elevation of immune cell apoptosis markers
and the transcription factor FoxP3. J. Neurol. Sci. 279, 80-87
Fettke, F. et al. (2016) Maternal and fetal mechanisms of B cell
regulation during pregnancy: human chorionic gonadotropin
stimulates B cells to produce IL-10 while a-fetoprotein drives
them into apoptosis. Front. Immunol. 7, 495

Zimmerman, E.F. et al. (1977) Immunosuppression by mouse
sialylated a-foetoprotein. Nature 265, 354-356

Slade, B. (1973) Antibodies to a-foetoprotein cause foetal
mortality in rabbits. Nature 246, 493

Murgita, R.A. (1976) The immunosuppressive role of a-fetoprotein
during pregnancy. Scand. J. Immunol. 5, 1003-1014

Smith, J.A. (1972) a-Fetoprotein: a possible factor necessary for
normal development of the embryo. Lancet 1, 851

Bartha, J.L. et al. (1999) Relationship between a-fetoprotein and
fetal erythropoiesis. J. Reprod. Med. 44, 689-697

Brenner, T. et al. (1980) Inhibitory effect of a-fetoprotein on the
binding of myasthenia gravis antibody to acetylcholine receptor.
Proc. Natl. Acad. Sci. U. S. A. 77, 3635-3639

Parker, M.H. et al. (2004) Purification and characterization of a
recombinant version of human a-fetoprotein expressed in the
milk of transgenic goats. Protein Expr. Purif. 38, 177-183
Godfrey, D.I. et al. (2010) Raising the NKT cell family. Nat.
Immunol. 11, 197-206

Robinson, M.W. et al. (2016) Liver immunology and its role in
inflammation and homeostasis. Cell. Mol. Immunol. 13, 267-276
Nair, S. and Dhodapkar, M.V. (2017) Natural killer T cells in cancer
immunotherapy. Front. Immunol. 8, 1178

Li, C. et al. (2018) Hepatocellular cancer-derived o fetoprotein
uptake reduces CD1 molecules on monocyte-derived dendritic
cells. Cell. Immunol. 335, 59-67


http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0155
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0155
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0160
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0160
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0160
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0165
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0165
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0165
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0165
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0170
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0170
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0170
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0170
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0175
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0175
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0180
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0180
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0185
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0185
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0185
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0190
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0190
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0190
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0195
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0195
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0195
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0200
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0200
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0200
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0205
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0205
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0205
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0210
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0210
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0210
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0215
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0215
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0215
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0220
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0220
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0220
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0225
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0225
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0225
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0230
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0230
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0230
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0235
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0235
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0240
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0240
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0240
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0240
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0245
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0245
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0245
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0250
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0250
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0250
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0255
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0255
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0260
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0260
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0260
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0265
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0265
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0265
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0270
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0270
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0270
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0275
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0275
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0275
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0275
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0280
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0280
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0285
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0285
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0290
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0290
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0295
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0295
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0300
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0300
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0305
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0305
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0305
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0310
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0310
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0310
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0315
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0315
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0320
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0320
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0325
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0325
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0330
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0330
http://refhub.elsevier.com/S1471-4906(22)00075-8/rf0330
CellPress logo

	Immunomodulatory impact of α-�fetoprotein
	AFP: more than a hepatocellular carcinoma (HCC) biomarker
	AFP binds fatty acids
	Putative intrinsic and extrinsic mechanisms of AFP immunosuppression
	Evidence for AFP-mediated immunosuppressive effects on NK cell function and survival
	AFP can modulate monocyte and DC immune responses
	The effects of AFP binding to fatty acids
	tAFP can alter certain immunometabolic processes
	Towards AFP-based therapeutic approaches in HCC
	Concluding remarks
	Acknowledgments
	Declaration of interests
	References




