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Abstract

Objective: This review systematically examines the multifaceted roles of Human leukocyte antigen F (HLA-F) in the tumor and maternal-
fetal interface microenvironments. Mechanism: A comprehensive literature search was conducted using PubMed, Medical Literature
Analysis and Retrieval System Online (MEDLINE), and Embase databases, with a focus on studies published within the past five years.
Keywords included “HLA-F”, “tumor microenvironment (TME)”, “maternal-fetal interface”, “immune tolerance”, and “preeclampsia”.
To our knowledge, this study represents the first integrative analysis to delineate the context-dependent immunoregulatory functions
of HLA-F. Findings in Brief: HLA-F exhibits dual and contrasting functions. In cancer, it facilitates immune evasion and correlates
with poor prognosis via interactions with inhibitory receptors. At the maternal-fetal interface, it promotes immune tolerance, which is

essential for pregnancy maintenance. Conclusions: HLA-F serves as a pivotal immunoregulatory molecule, with significant implications

for cancer immunotherapy and reproductive medicine.
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1. Introduction

The human leukocyte antigen (HLA), located on chro-
mosome 6, is a critical component of the human immune
system [ 1]. This polymorphic gene family encodes cell sur-
face proteins essential for antigen presentation and immune
regulation [1,2]. HLA molecules are broadly classified into
class I (HLA-A, -B, -C) and class II (HLA-DP, -DQ, -DR).
Classical class I molecules (HLA-A, -B, -C) present en-
dogenous peptides to CD8™ T cells, eliciting cytotoxic re-
sponses against infected or malignant cells [2]. Class II
molecules present exogenous antigens to CD4" T helper
cells, orchestrating broader immune activation [2]. In con-
trast, non-classical class Ib molecules, including HLA-E,
HLA-F, and HLA-G, exhibit limited polymorphism and
perform specialized immunoregulatory functions, typically
modulating immune responses in specific physiological and
pathological contexts [3,4].

HLA-F, a member of the non-classical HLA class Ib
family initially described as HLA-5.4 by Geraghty et al. [5]
in 1989, has emerged as an important immunomodulatory
molecule. Unlike classical HLA molecules, HLA-F can
bind to both activating and inhibitory receptors expressed
on immune cells as well as other receptor-expressing cells,
such as V-domain immunoglobulin suppressor of T-cell ac-
tivation (VISTA) on trophoblasts [6], positioning it as a crit-
ical regulator of immune tolerance and activation across di-

verse immune microenvironments. Its expression is highly
restricted in healthy tissues but is frequently upregulated
under specific circumstances, notably in cancer and at the
maternal-fetal interface [7].

Recent studies have highlighted the dual roles
of HLA-F in the tumor microenvironment (TME) and
maternal-fetal interface [3,8]. In various malignancies, in-
cluding melanoma and breast and ovarian cancers, HLA-
F overexpression is often associated with immune eva-
sion, poor clinical outcomes, and therapeutic resistance
[7,9]. HLA-F interacts with receptors such as killer cell
immunoglobulin like receptor, three Ig domains and short
cytoplasmic tail 1 (KIR3DS1) on natural killer (NK) cells
and immunoglobulin-like transcript 2/4 (ILT2/4) on other
immune cells, potentially suppressing NK cell cytotoxicity
and contributing to an immunosuppressive TME that facil-
itates tumor progression [8]. Conversely, at the maternal-
fetal interface, controlled expression of HLA-F is consid-
ered essential for establishing immune tolerance toward the
semi-allogeneic fetus [3]. HLA-F is widely expressed on
syncytiotrophoblast, extravillous trophoblasts (EVTs), and
various maternal-fetal immune cells, where it likely sup-
ports successful placentation and pregnancy maintenance
[10]. Rather than representing opposite functions, HLA-
F exerts a shared immunoregulatory program in both con-
texts. This program is physiologically beneficial at the
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Fig. 1. HLA-F conformers and context-specific immunoregulation. HLA-F exists in distinct molecular conformations, including

[52-microglobulin-associated peptide-bound complexes and open conformers lacking peptide and 52-microglobulin. These forms en-

gage different inhibitory receptors on immune cells and mediate immunoregulation in a context-dependent manner. At the maternal-fetal

interface, HLA-F contributes to immune tolerance and tissue remodeling required for successful pregnancy, whereas in the tumor mi-

croenvironment, similar mechanisms are exploited by malignant cells to promote immune evasion and tumor progression. NK, natural
killer cell; MAPK, mitogen-activated protein kinase; NKG2C, killer cell lectin-like receptor subfamily C member 2; NKG2A, Killer
cell lectin-like receptor subfamily C member 1; HLA-E, human leukocyte antigen E; CSF1, colony stimulating factor 1; VEGF, vas-

cular endothelial growth factor; CCLS, C-C motif chemokine ligand 5; VISTA, V-domain Ig suppressor of T cell activation; TAM,

tumor-associated macrophage; EVT, extravillous trophoblast; PFN1, profilin 1. This figure was generated with BioRender (a web-based

scientific illustration platform; website: https://www.biorender.com/).

maternal-fetal interface, where immune tolerance is re-
quired for fetal survival, but becomes pathologically dis-
advantageous for the host in cancer, where the same mech-
anisms are co-opted to facilitate tumor immune escape.
HLA-F has emerged as a multifaceted immunoregu-
latory molecule whose study provides important insights
into immune tolerance, cancer biology, and reproduc-
tive immunology. Notably, the tumor microenvironment
shares striking conceptual and functional parallels with the
maternal-fetal interface, particularly with respect to im-
mune adaptation, tissue remodeling, and tolerance induc-
tion. Within these distinct yet convergent biological con-
texts, HLA-F operates through diverse molecular confor-
mations and receptor interactions to shape local immune re-
sponses. In this review, we synthesize current knowledge

on the involvement of HLA-F in tumorigenesis, female
reproductive physiology, and pregnancy-related disorders,
and discuss how emerging mechanistic insights may in-
form future therapeutic strategies. An overview of HLA-F
molecular forms, receptor engagements, and their context-
dependent outcomes in cancer and pregnancy is provided in
Fig. 1.

2. Diverse Biological Functions of HLA-F

Although 45 HLA-F haplotypes (alleles) have been
identified, they encode only six protein variants, indicat-
ing that the HLA-F gene has remained highly conserved
during human evolution [11]. HLA-F mRNA is widely
expressed in multiple tissues and organs, with particularly
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high expression levels in the spleen, lungs, and digestive
tract tissues. At the cellular level, HLA-F shows the high-
est expression in activated immune cells, followed by rela-
tively uniform, high expression in epithelial cells, endothe-
lial cells, adipocytes, and glial cells (https://www.proteinatl
as.org). The classical function of HLA-F involves forming
atransmembrane 52-microglobulin (32M)-HLA-F-peptide
complex with S2-microglobulin and leader peptides, pre-
senting antigenic peptides to receptor-expressing cells, such
as immune cells expressing ILT2, to regulate their activa-
tion or inhibition [12]. However, the range of antigens pre-
sented by HLA-F is notably limited [12]. A recent LC-MS-
based study examining peptides presented by three com-
mon allelic variants (HLA-F*01:01, HLA-F*01:03, and
HLA-F*01:04) revealed distinct functional biases. Specif-
ically, proteins presented by the most frequent variant,
HLA-F*01:01, were more frequently involved in enzyme
regulatory processes (18.8%) compared to those presented
by HLA-F*01:03 (9.5%) and HLA-F*01:04 (7.2%). Con-
versely, HLA-F*01:03 preferentially presents proteins as-
sociated with DNA-binding functions [13]. These obser-
vations support a role for HLA-F polymorphisms in viral
pathogenesis [14,15].

Apart from antigen presentation, HLA-F can exist on
the cell surface as peptide-free heavy chains (open conform-
ers, OCs), interacting with immune receptors on immune
cells. HLA-F open conformers can form dimeric trans-
membrane proteins that interact with inhibitory receptors
killer cell immunoglobulin-like receptor, three Ig domains
and long cytoplasmic tail 1/killer cell immunoglobulin-
like receptor, three Ig domains and long cytoplasmic tail
2 (KIR3DL1/KIR3DL2) and activating receptors killer
cell immunoglobulin-like receptor, three Ig domains and
short cytoplasmic tail 1/killer cell immunoglobulin-like
receptor, two Ig domains and short cytoplasmic tail 4
(KIR3DS1/KIR2DS4) on NK cells [16,17]. Since the bind-
ing sites for ILT2 (leukocyte immunoglobulin-like recep-
tor subfamily B member 1 [LILRB1]) and ILT4 (leuko-
cyte immunoglobulin-like receptor subfamily B member 2
[LILRB2]) are located outside the peptide-binding groove,
HLA-F OCs, similarly to S2M-HLA-F-peptide complexes,
can engage cells expressing ILT2/ILT4 receptors (such as
NK cells, monocytes, T cells, and B cells), thereby modulat-
ing immune cell functions [12]. Additionally, HLA-F inter-
acts with the immune checkpoint receptor VSIR (VISTA),
widely expressed on trophoblasts, tumor cells, and immune
cells, forming heterodimeric complexes [18]. This newly
identified ligand-receptor interaction has been validated by
surface plasmon resonance (SPR) [18].

Furthermore, HLA-F open conformers can localize
to the nucleus, cytoplasm, and extracellular matrix, ex-
hibiting diverse protein-level functions [10,19,20]. Pro-
teomic analysis of HLA-F allele-specific peptides iden-
tified glycolytic enzymes, including pyruvate kinase M
(PKM) and glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH), among peptides restricted by HLA-F*01:01 iso-
lated from LCL721.221 cells [21], suggesting an associa-
tion between HLA-F and glycolytic pathway enzyme ac-
tivities. A study in glioma cells revealed that HLA-F in-
teracts with hexokinase 2 (HK2), extending its half-life,
thereby enhancing enzymatic activity, glycolysis, and cell
proliferation in glioma [22]. This observation highlights
HLA-F’s role in promoting glycolysis through interactions
with glycolytic enzymes. A recent study also showed
that HLA-F binds the PKM promoter region, enhancing
PKM?2 expression and consequently increasing glycolysis
and proliferation in trophoblasts [23]. This finding repre-
sents the first evidence of HLA-F functioning as a transcrip-
tional regulator beyond its immunomodulatory role. Col-
lectively, these studies illustrate that cells highly express-
ing HLA-F exhibit elevated glycolysis, consistent with pre-
vious single-cell sequencing findings at the maternal-fetal
interface, demonstrating that the dNK1 subtype, character-
ized by higher HLA-F expression, exhibits increased gly-
colytic metabolism [24].

In addition to its protein-level roles, the long non-
coding RNA of HLA-F (IncRNA HLA-F-AS1) regulates
gene transcription through multiple pathways, including
targeting miR-21-3p, thereby promoting tumor cell migra-
tion and invasion [25-27].

3. HLA-F Promotes Tumor Cell Immune
Escape in the TME

The TME comprises cells of both innate and adaptive
immunity, as well as non-immune cells such as fibroblasts
and endothelial cells [28]. Within the TME, HLA-F is ex-
pressed not only by tumor cells [7], but also by immune
cells such as NK cells and tumor-associated macrophages
(TAMs) [10]. Moreover, certain tumor cells themselves ex-
press the inhibitory HLA-F receptor VISTA [6], establish-
ing bidirectional immune tolerance between tumor and im-
mune cells. Numerous studies have reported that elevated
expression of HLA-F or LncRNA HLA-F-AS1 correlates
with poor prognosis in glioma [7,22,27,29], breast cancer
[30,31], ovarian cancer [25], gastric cancer [32], lung can-
cer [9], and colorectal cancer [26]. Collectively, these find-
ings indicate that HLA-F plays an essential role in immune
escape by tumor cells, significantly promoting immune tol-
erance within the TME.

The mechanisms by which HLA-F participates in im-
mune escape within the TME include enhanced glycolysis-
mediated proliferation of tumor cells due to high HLA-F
expression [33]. Additionally, the lactate-rich microenvi-
ronment (the Warburg effect) within the TME facilitates
metabolic reprogramming of immune cells through post-
translational modifications, thereby suppressing the cyto-
toxic activities of NK cells and TAMs, ultimately enabling
immune evasion [28,34]. Previous studies demonstrated
that HLA-F promotes glycolysis in glioma and trophoblas-
tic tumor cells [22,23]. Although direct studies linking
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HLA-F with lactylation modifications in immune cells re-
main absent, it is plausible that elevated HLA-F expres-
sion in immune cells similarly enhances glycolysis and
regulates immune functions via lactylation. Research in-
dicates that inhibiting lactylation in NK cells increases
their cytotoxicity against tumor cells [34], suggesting an-
other potential mechanism by which HLA-F facilitates im-
mune escape. Furthermore, LncRNA HLA-F-ASI inter-
acts with various microRNAs to regulate tumor cell bio-
logical behaviors [25-27,30]. However, the predominant
mechanism underlying immune evasion is tumor-expressed
HLA-F directly binding inhibitory receptors (e.g., VISTA,
ILT2/ILT4, KIR3DL1/KIR3DL2) on immune cells, thereby
suppressing immune functions [28].

Among the various HLA-F receptors, VISTA is the
most recently identified and least studied [18]. As previ-
ously described, HLA-F binds to VISTA as a heterodimer
[18]. VISTA (also known as VISR) is a novel inhibitory im-
mune checkpoint receptor crucial to HLA-F-mediated im-
mune tolerance within the TME [35]. Like cytotoxic T-
lymphocyte antigen-4 (CTLA-4) and programmed death 1
(PD-1)/programmed cell death ligand-1 (PD-L1), VISTA
belongs to the B7 family. Despite significant sequence ho-
mology with PD-L1, VISTA functions via distinct mech-
anisms and may therefore enable combination therapies
[36]. In peripheral and circulating immune cells, VISTA
is constitutively expressed on naive T cells, independently
inhibiting T-cell activation to maintain T-cell quiescence
[37,38] and promoting drug resistance against anti-tumor
agents [39]. Within the TME, VISTA is highly expressed
in myeloid-derived suppressor cells (MDSCs), particularly
TAMs [28,40]. Under hypoxic conditions, VISTA expres-
sion is significantly elevated, reducing toll-like-receptor
(TLR) signaling and cell migration [41]. Furthermore,
VISTA reprograms myeloid populations, decreasing pro-
inflammatory cytokines (e.g., tumor necrosis factor-alpha
[TNF-«]) while increasing anti-inflammatory mediators
(e.g., IL-10), thus promoting immunosuppressive myeloid
functions [42]. VISTA also enhances peripheral immune
tolerance by promoting activation-induced T-cell death.
Although VISTA’s roles in tumor immune escape have
been well documented through known ligands such as P-
selectin glycoprotein ligand 1 (PSGL-1) [43], V-set and
immunoglobulin domain containing 3 (VSIG-3) [44], and
galectin-9 [45], studies on the HLA-F-VISTA pathway re-
main limited. Considering the extensive presence of HLA-
F—VISTA interactions among tumor cells, NK cells, and
TAMs within the TME, future research exploring regulatory
mechanisms of HLA-F upregulation in tumors and block-
ade strategies targeting the HLA-F-VISTA pathway could
provide novel directions for tumor immunotherapy.

4. HLA-F Involvement in Maternal-Fetal
Immune Tolerance Mechanisms

Maternal-fetal immunity and the TME exhibit no-
table parallels in their immunoregulatory strategies, includ-
ing the establishment of local immune tolerance, modula-
tion of NK cell activity, and extensive vascular remodeling
[16]. During pregnancy, extravillous trophoblasts medi-
ate spiral artery remodeling to generate low-resistance ves-
sels that support placental development [20], whereas in
cancer, comparable vascular adaptations, such as vascular
mimicry, facilitate tumor growth [32]. In both contexts, im-
mune cells are functionally reprogrammed toward a tolero-
genic phenotype, thereby limiting immune-mediated tissue
damage [16,32]. Within this shared immunological frame-
work, non-classical HLA molecules, including HLA-F, are
thought to contribute to immune adaptation in both physio-
logical pregnancy and pathological tumor progression.

4.1 HLA-G as the “Ultimate Weapon” in Maternal-Fetal
Immune Tolerance

The maternal-fetal interface refers to the interaction
zone between maternal decidual immune and stromal cells
and fetal trophoblasts and immune cells. Some scholars
propose that this interface consists of two distinct layers.
The first interface involves interactions between fetal EVTs
and maternal decidual immune cells. The second interface
comprises interactions between syncytiotrophoblast on pla-
cental villi and maternal circulating immune cells, as well
as the extended interface formed by trophoblast-derived de-
bris, including single trophoblast cells, cell fragments, and
microvesicles, interacting with maternal immune cells and
endothelial cells in the circulation [46]. Both interfaces
are present throughout gestation; however, during early
pregnancy, immune interactions at the EVT-decidual in-
terface play a dominant role in implantation and placenta-
tion, whereas contributions from the syncytiotrophoblast—
circulating immune interface become increasingly promi-
nent as placental development progresses [46]. Interactions
between fetal and maternal cells at the interface begin at em-
bryo implantation and persist throughout gestation [24,47].
Because the human embryo contains paternal antigens, it
represents a semi-allogeneic graft to the maternal immune
system [48]. Furthermore, EVTs exhibit invasive behavior
similar to tumor cells, penetrating the decidua and uterine
spiral arteries. Thus, immune tolerance at the maternal-fetal
interface shares many mechanistic features with immune
escape in the TME.

Aside from post-ovulatory endometrial decidualiza-
tion and decidual recruitment of immune-tolerant immune
cell subsets, another key mechanism involves trophoblast
expression of non-classical HLA class Ib molecules, similar
to tumor cells that upregulate HLA-F and related molecules.
During early pregnancy, EVTs, which are in direct contact
with maternal immune cells, express low levels of classi-
cal, paternally derived HLA-C and primarily express low-
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polymorphic non-classical molecules HLA-G, HLA-F, and
HLA-E [48]. Among these, HLA-G is markedly upregu-
lated during the differentiation of villous cytotrophoblasts
(VCTs) into EVTs, serving as a dominant ligand mediat-
ing EVT-immune cell communication. In early decidua,
NK cells constitute the major immune population, whereas
monocytes and macrophages increase progressively dur-
ing mid- to late-pregnancy. HLA-G receptors are widely
distributed on immune cells at the maternal-fetal interface.
HLA-G can bind KIR2DL4 and LILRB1 on NK cells, sup-
pressing their cytotoxic activity; engage ILT4 and ILT2 on
macrophages and dendritic cells to inhibit dendritic cell
maturation and reduce major histocompatibility complex
class II (MHC-II) expression, thereby maintaining immune
tolerance; and interact with TCR and ILT2 on CD81 and
CD4™T T cells to suppress cytotoxicity, induce CD8" T-
cell apoptosis, and inhibit CD4* T-cell proliferation [49].
Soluble HLA-G may also bind HLA-E to form stable com-
plexes that interact with cluster of differentiation 94/natural
killer group 2 (CD94/NKG2) receptors, further inhibiting
NK cell cytotoxicity [50,51]. The EVT-specific expression
pattern and potent immunosuppressive effects of HLA-G
underscore its role as a key “terminal effector” or “front-
line soldier” in establishing and maintaining maternal-fetal
immune tolerance.

HLA-G is well established as a central mediator of
immune tolerance at the maternal-fetal interface through
its interactions with inhibitory receptors expressed on nat-
ural killer cells, T cells, and macrophages, and comparable
mechanisms have also been implicated in tumor immune
evasion [15,16]. In contrast, the immunological role of
HLA-F is less clearly defined but appears to be both distinct
from and complementary to that of HLA-G. Unlike HLA-
G, which predominantly exerts tolerogenic effects via sol-
uble and membrane-bound isoforms, HLA-F mainly exists
as an open conformer and may function as a regulator or
chaperone of other HLA class I molecules [31]. Emerging
evidence suggests that HLA-F may modulate immune re-
sponses either independently or in coordination with HLA-
G, thereby fine-tuning inhibitory signaling pathways at the
maternal-fetal interface and within the tumor microenvi-
ronment. Whether HLA-F primarily amplifies HLA-G-
mediated inhibitory signals or represents a distinct layer
of immune regulation remains to be determined, and eluci-
dating the functional interplay between these non-classical
HLA molecules will be essential for a more comprehensive
understanding of immune tolerance in both pregnancy and
cancer.

4.2 Does HLA-F Regulate EVT Development and HLA-G
Expression

With advancing gestational age, the expression of
HLA-F at the maternal-fetal interface gradually increases
[19,52]. HLA-F expression is lower in trophoblasts com-
pared to immune cells, and its protein levels decrease
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progressively during differentiation from VCT to EVT,
while HLA-G expression concurrently increases [10]. Al-
though HLA-F expression decreases during VCT-to-EVT
differentiation, functionally relevant levels of HLA-F re-
main detectable on EVTs. However, the regulatory mech-
anisms underlying this dynamic shift in HLA expression
during EVT differentiation remain poorly studied. Pre-
vious and recent studies have demonstrated that proges-
terone regulates HLA-G, HLA-E, and HLA-F expression
in EVTs [53,54]. Other co-regulatory factors include IFN-
v, class II transactivator (CIITA), and interleukins (IL)
such as IL-2 and IL-6 [55]. The transcriptional factors
for HLA-F include nuclear factor kappaB (NF-xB) and
Interferon-y (IFN-v) [55]. Conversely, transcription fac-
tors regulating HLA-G differ from those for HLA-F, and
earlier studies suggested possible involvement of fork-
head box (FOX) family members, GATA-binding protein
(GATA), and cAMP response element-binding protein 1
(CREBI1)/Activating transcription factor ATF factors [56].
Recent spatial multiomics studies of trophoblast develop-
ment during early pregnancy also revealed EVT differenti-
ation initiation involving downregulation of Wnt signaling,
upregulation of Notchl signaling, and transcription factors
such as GATA2/3 and HIF-1A [57]. After embryo implan-
tation, factors such as hypoxia-induced activation of HIF-
1A signaling in VCT and the secretion of DKK1 by decidual
stromal cells leading to Wnt inhibition collectively induce
VCT differentiation into EVT, driving the observed shift
in HLA expression profiles; however, the specific mech-
anisms remain unclear. Notably, one study reported in-
creased HLA-G expression following HLA-F overexpres-
sion in Jar cells [10]. Additionally, other research observed
elevated HLA-E expression after transfecting Jar cells with
the HLA-G*0105N plasmid, but no changes in HLA-G ex-
pression following transfection with HLA-A/E plasmids
[58]. Thus, it is plausible that HLA-F may regulate the
expression of HLA-G or HLA-E. An expression quanti-
tative trait loci (eQTL) study identified single-nucleotide
polymorphisms (SNPs) in the HLA-F region that also affect
HLA-G expression levels in the mid-secretory phase en-
dometrium, suggesting the existence of specific regulatory
pathways through which HLA-F modulates HLA-G tran-
scription.

Transcription factors involved in EVT differentiation
and HLA-G regulation, such as HIF-1A and GATA family
proteins, could serve as intermediaries through which HLA-
F influences EVT differentiation and HLA-G expression.
It is possible that HLA-F promotes HLA-G expression by
targeting transcription factors like HIF-1A and GATA2 via
histone lactylation modifications.

4.3 HLA-F Participates Directly in Maternal-Fetal
Immune Tolerance Through Ligand—Receptor Interactions

Compared with HLA-G, HLA-F is more broadly ex-
pressed across multiple cell types at the maternal-fetal in-
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terface, a pattern similar to that observed in the TME. Con-
sistent with this residual expression, HLA-F on EVTs is suf-
ficient to engage inhibitory receptors on decidual immune
cells and exert immunomodulatory effects. Single-cell
transcriptomic analyses and immunohistochemistry have
shown that HLA-F is widely and uniformly expressed in
decidual immune cells, decidual stromal cells, VCTs, syn-
cytiotrophoblasts, and EVTs [10,20]. Overexpression of
HLA-F in NK cells increases colony stimulating factor 1
(CSF1) secretion [10], and single-cell sequencing similarly
reveals elevated CSF1 expression in decidual NK cells dur-
ing early pregnancy [24]. CSF1 plays a key role in recruit-
ing and inducing the differentiation of M2 macrophages
[59,60] and in promoting trophoblast invasion [61]. HLA-F
on NK cells can also bind inhibitory receptors such as ILT2,
ILT4, and VISTA on macrophages, thereby suppressing im-
mune activation and maintaining immune tolerance at the
maternal-fetal interface [18]. Beyond its potential role in
inducing the expression of HLA-G, the “terminal effector”
that sustains tolerance in decidual immune cells, HLA-F on
EVTs and syncytiotrophoblast throughout pregnancy can
bind inhibitory receptors such as KIR3DL1 and ILT2 on
decidual or circulating NK cells, suppressing NK cytotoxi-
city. By engaging ILT2/4 and VISTA on macrophages and
T cells, HLA-F further promotes early pregnancy immune
tolerance and maintains immunological equilibrium at the
interface.

4.4 Regulation of Trophoblast and Decidual Glycolysis by
HLA-F

A recent study demonstrated that HLA-F overexpres-
sion in Jar cells enhances glycolysis by upregulating PKM?2
expression and inhibiting Pyruvate Kinase M2 Lysine 305
(PKM2 K305) lactylation, thereby increasing enzymatic ac-
tivity and promoting cell proliferation [23]. This mirrors
mechanisms observed in the TME, where tumor cells lever-
age a lactate-rich milieu to enhance their proliferative ca-
pacity [22] and reprogram immune cells through lactyla-
tion, suppressing NK- and TAM-mediated cytotoxicity to
achieve immune escape [28,34]. Decidual stromal cells
also express HLA-F, and HLA-F expression in decidual tis-
sue is associated with markers of normal decidual function
and reproductive success. However, direct mechanistic ev-
idence demonstrating a causal role of HLA-F in promoting
decidualization is currently lacking. Several studies have
shown that higher HLA-F expression in the decidua corre-
lates with shorter time to pregnancy in assisted reproductive
technology (ART) treatments [62,63], potentially through
recruitment of M2 macrophages [62], a mechanism remi-
niscent of immune-escape pathways in the TME. Although
no direct mechanistic studies have yet confirmed that HLA-
F enhances endometrial decidualization, the established
role of HLA-F in promoting glycolysis in tumor cells sug-
gests a plausible mechanism whereby elevated HLA-F en-
hances glycolysis to support decidualization. Multiple stud-

ies report that reduced glycolysis at the implantation site
is associated with spontaneous miscarriage [64,65], that
hypoxia-induced decreases in embryonic lactylation impair
mouse embryo development [66], and that diminished de-
cidual glycolysis contributes to preeclampsia pathogenesis
[67]. Collectively, these findings suggest that abnormal
HLA-F expression may be linked to impaired fertility and
pregnancy complications.

4.5 Abnormal HLA-F Expression and Pregnancy
Complications

Several studies have reported that higher endometrial
HLA-F expression during the mid-luteal phase is associated
with shorter time-to-pregnancy in ART treatments, suggest-
ing that elevated endometrial HLA-F levels enhance female
fertility [62,63]. Additionally, accumulating evidence sug-
gests an association between altered HLA-F expression at
the maternal-fetal interface and preeclampsia. Earlier stud-
ies using immunohistochemistry and western blotting ob-
served significantly reduced HLA-F expression in EVTs
from preeclampsia patients, though the underlying mech-
anisms were not thoroughly investigated [10,20]. Subse-
quent research indicated that low HLA-F expression may
inhibit trophoblast proliferation by decreasing glycolysis,
thereby contributing to preeclampsia development [23]. Al-
though one study validated the role of glycolysis in promot-
ing proliferation by using a PKM2 activator in a MiniPDX
model with transplanted shHLA-F-Jar cells, animal models
with HLA-F knockout remain lacking to confirm HLA-F’s
definitive role in fertility.

5. The Dual Role of HLA-F Represents a
Form of Reproduction-Health Tradeoff

5.1 HLA-F Gene Polymorphisms Regulate HLA-F
Expression and Are Associated With Female Fertility

Aside from individual variations in transcription fac-
tors such as NF-xB and IFN-v, genetic polymorphisms in
the HLA-F gene directly contribute to differences in its ex-
pression among individuals. Several studies have demon-
strated associations between genetic polymorphisms related
to HLA-F expression and reproductive outcomes. In 2016,
Burrows et al. [68] examined eQTLs in the HLA-F region
and their association with fecundability, defined as the in-
terval to pregnancy, among 117 women. They identified
the 1s2523393 G/A polymorphism as an eQTL for HLA-
F expression in mid-secretory-phase endometrium, corre-
lating with fecundability [68]. Subsequently, Mika et al.
[53] utilized GTEx data and confirmed rs2523393 as an
eQTL for both HLA-F and HLA-G in the mid-secretory en-
dometrium. Using GATA2 ChIP-seq analysis, they found
that the rs2523393 A allele creates a GATA2 binding site
within a progesterone-responsive distal enhancer that inter-
acts with the HLA-F promoter [53]. Buttura ef al. [69]
conducted next-generation sequencing in 196 Brazilian in-
dividuals and found higher HLA-F mRNA expression as-
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sociated with the HLA-F*distal-C and HLA-F*01:01:02 al-
leles (rs2076183) [69]. Paganini et al. [70], analyzing
RNA-seq data from 464 lymphoblastoid cell lines (1000
Genomes Project), also confirmed elevated HLA-F mRNA
expression associated with HLA-F*01:01:02 (defined by
rs2076183), as well as three noncoding SNPs: rs1362126,
rs2523405, and rs2523393. However, their study indicated
that HLA-F protein expression was mainly associated with
genotypes 1s1362126 and rs2523405 [70].

In support of these findings, Langkilde CH et al. [63]
performed Sanger sequencing in a genetic analysis of 102
infertile women undergoing ART and 78 controls. They
identified significant associations between longer time-to-
pregnancy, measured as the number of ART cycles required,
and HLA-F genotypes linked to lower mid-luteal endome-
trial HLA-F mRNA expression, specifically the rs1362126
AA, 152523405 GG, and 152523393 GG genotypes [63].
Follow-up validation studies involving a prospective co-
hort of 85 recurrent implantation failure (RIF) patients
and 36 controls, alongside primary endometrial culture ex-
periments, confirmed that these three HLA-F gene poly-
morphisms influenced endometrial HLA-F protein expres-
sion. Furthermore, they reported positive correlations be-
tween endometrial HLA-F expression, anti-inflammatory
CD163" M2 macrophage infiltration, and CD56™ uterine
NK cell abundance [62]. Recently, a genotyping study by
gPCR involving 164 preeclampsia patients, 19 fetal growth
restriction (FGR) patients, and 192 healthy controls identi-
fied that the frequency of the rs2523393 A allele, an HLA-
F eQTL SNP, was lower in preeclampsia patients (55.8%)
compared to healthy controls (58.9%), although this differ-
ence did not reach statistical significance. Nevertheless,
a trend toward the absence of certain HLA-F-HLA-G ex-
tended diplotypes in preeclampsia was noted [71].

However, whether existing studies on HLA-F
polymorphisms and their associations with fertility or
preeclampsia have included sufficiently large sample
sizes to ensure robust conclusions remains questionable.
Research on HLA-G polymorphisms and preeclampsia
is the most extensive, yet findings remain inconsistent
[49,71,72].  Studies examining HLA-F polymorphisms
and preeclampsia are even more limited, with only a
single study involving 164 cases reported to date [71]. For
instance, assuming an HLA-F*01:01:02 allele frequency
of approximately 16.62% [73—-75], and a preeclampsia
incidence of 3%, one would expect ~150 disease cases to
detect an odds ratio (OR) of 0.4 (a 60% risk reduction).
However, given that preeclampsia is widely regarded as
a multifactorial, multigenic disorder, it is unlikely that a
single gene contributes such a large effect. If the true effect
size corresponds to a 20% reduction in risk (OR = 0.8),
approximately 2400 cases would be required. Therefore,
inconsistencies in studies examining polymorphisms in
non-classical HLA-Ib genes and their relationships with
fertility or preeclampsia likely stem from underpowered
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sample sizes. Moreover, synergistic effects may exist
among HLA-Ib molecules; disease associations may de-
pend on haplotype combinations, as reported for coronary
artery disease, which is linked to HLA-F/G/E polymor-
phism combinations [76], and preeclampsia, which may
be associated with specific HLA-F-HLA-G haplotypes
[71]. Given the small sample sizes of existing studies,
large multicenter cohorts are necessary to clarify the
relationships between HLA-F polymorphisms or HLA-Ib
haplotypes and disease susceptibility.

5.2 The Relationship Between HLA-F Gene
Polymorphisms and Other Diseases

Although several studies have demonstrated that ele-
vated HLA-F protein or LncRNA HLA-F-AS1 expression
in tumors correlates with poor prognosis [7,25], research in-
vestigating associations between HLA-F genetic polymor-
phisms and cancer incidence remains scarce. Such stud-
ies could have significant implications for understanding
tumor genetic susceptibility. In viral infections, the HLA-
F*distal-D haplotype, harboring the 1610 C allele and asso-
ciated with lower HLA-F mRNA expression compared with
the HLA-F*distal-C haplotype, showed an increased fre-
quency among Zika virus (ZIKV)-, Dengue virus (DENV)-
, or Chikungunya virus (CHIKV)-infected patients diag-
nosed with peripheral spectrum disorders (which generally
have better clinical outcomes than encephalitic spectrum
disorders) [14]. Another study found that children carry-
ing the G allele at HLA-F (—1499, rs183540921) exhib-
ited an increased asymptomatic/symptomatic ratio of Plas-
modium falciparum malaria [15]. In addition, the HLA-
F*01:03 allele, associated with lower mRNA expression
than HLA-F*01:01, has been linked to reduced hepatitis
B virus (HBV) DNA levels [77]. These findings suggest
that, unlike in reproduction, lower HLA-F expression may
confer better outcomes following viral infection, whereas
higher expression may worsen infection-induced complica-
tions.

In autoimmune diseases, however, higher HLA-F—
expressing genotypes appear to have protective effects. In
ankylosing spondylitis (AS), the allele HLA-F*01:01:02
(associated with higher mRNA expression) (p = 0.0049; pc
=0.0098; OR = 0.60) and its corresponding SNP rs2075682
(» =0.0004; pc = 0.0008; OR = 0.53) were suggested to be
protective [78]. Conversely, the rs2523393 G allele (associ-
ated with lower mRNA expression) has been linked to mal-
absorption, celiac disease, multiple sclerosis, and hyper-
thyroidism [53]. In Systemic Lupus Erythematosus (SLE),
anti-HLA-F IgG may participate in clearing HLA-F shed
from lymphocytes and inflamed tissues, potentially miti-
gating disease severity and serving as a beneficial immune
biomarker [79]. Ravindranath ef al. [80] further showed
that antibodies targeting HLA-F heavy chains were the pre-
dominant anti-HLA-Ib heavy-chain IgG antibodies in pa-
tients with rheumatoid arthritis (RA) and systemic lupus
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erythematosus (SLE). However, these studies did not eval-
uate whether anti-HLA-F IgG levels correlate with HLA-F
genetic polymorphisms.

Collectively, current evidence indicates that HLA-F
plays opposing roles in reproduction and disease. Geno-
types associated with higher HLA-F expression appear ben-
eficial for fertility and immune regulation but may worsen
outcomes in cancer and viral infections. For example, the
rs2523393 A allele, thought to have arisen in recent human
evolution [53], is associated with higher HLA-F expres-
sion, enhanced fecundability, reduced preeclampsia risk,
and lower incidence of autoimmune diseases such as mul-
tiple sclerosis and hyperthyroidism. However, this same
allele may predispose carriers to increased tumor metasta-
sis and poorer cancer prognosis. Given that HLA-F poly-
morphisms have remained highly conserved throughout hu-
man evolution, it is plausible that this gene embodies an
evolutionary tradeoff, a reproduction—health balance main-
tained by antagonistic pleiotropy, wherein variants that
promote reproductive success simultaneously elevate long-
term health risks such as cancer progression.

6. Limitations

Several limitations of this review should be acknowl-
edged. The current conclusions are largely derived from ob-
servational and associative studies, and direct functional ev-
idence defining the causal role of HLA-F remains limited.
In addition, heterogeneity in study design, population char-
acteristics, and analytical approaches across the literature
may contribute to variability in reported findings. Further-
more, although parallels between the immunological roles
of HLA-F in pregnancy and cancer are increasingly recog-
nized, mechanistic links between these two contexts remain
incompletely defined. Addressing these limitations through
integrated experimental and clinical studies will be essential
to further clarify the immunoregulatory functions of HLA-
F.

7. Conclusions

Numerous studies have demonstrated that elevated ex-
pression of HLA-F protein or IncRNA HLA-F-ASI cor-
relates with poor prognosis across various malignancies.
However, mechanistic investigations into the causes of
HLA-F upregulation and studies examining associations
between HLA-F polymorphisms and cancer incidence are
currently lacking. Investigating genetic polymorphisms in
HLA-F may help identify novel tumor susceptibility mark-
ers, while further research into the role of HLA-F in im-
mune escape within the TME could reveal new therapeutic
targets for cancer immunotherapy.

Based on existing evidence, elevated HLA-F expres-
sion at the maternal-fetal interface appears to be beneficial
for reproduction, as reflected by shorter time-to-pregnancy
in assisted reproductive treatments and its downregula-
tion in pregnancy complications such as preeclampsia [10].

Conducting large-scale studies to investigate relationships
between pregnancy complications and HLA-F polymor-
phisms or HLA-Ib haplotype frequencies could uncover
novel genetic markers associated with fertility, preeclamp-
sia, and other pregnancy complications. Moreover, elu-
cidating the mechanisms underlying HLA-F-mediated im-
mune tolerance at the maternal—fetal interface may offer
innovative strategies and therapeutic interventions to en-
hance human fertility and reduce pregnancy-related com-
plications.
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