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ABSTRACT 

Immunotherapies have transformed the treatment of cancers and infectious diseases by harnessing the precision and adaptability 
of the immune system. Central to these advances is the major histocompatibility complex (MHC) system, with classical MHC-I 
molecules well documented for their role in immune surveillance. MHC-dependent therapies, including immune checkpoint 
blockade (ICB), T cell receptor (TCR)-engineered therapies, and cancer vaccines, have shown substantial clinical promise. 
However, their broader efficacy is hindered by the extreme polymorphism of classical MHC-I molecules, susceptibility to immune 
evasion, and frequent downregulation in many disease settings. In contrast, nonclassical MHC-I molecules, including HLA-E, 
HLA-F, HLA-G, CD1, and MR1, offer alternative therapeutic opportunities. Shaped by strong evolutionary conservation, these 
molecules exhibit limited polymorphism, specialized antigen repertoires, distinct trafficking behaviors, and the capability to 
engage both innate and adaptive immune cells. In this review, we synthesize current knowledge of the structural biology, antigen 
presentation pathways, receptor interactions, and immunoregulatory functions of nonclassical MHC-I molecules. We further 
highlight emerging therapeutic strategies, including immune checkpoint modulation, cargo-based ligands, conformation-specific 
biologics, vaccines, and cellular therapies, while critically evaluating translational challenges. By linking specialized structural and 
functional features to therapeutic design, this review provides a unified framework for exploiting nonclassical MHC-I molecules 
as next-generation targets in immunotherapy. 
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 Introduction 

he major histocompatibility complex (MHC), known as human
eukocyte antigens (HLA) in humans, is one of the most evo-
utionarily conserved and functionally essential elements of
he vertebrate immune system [ 1, 2 ]. MHC Class I (MHC-I)
olecules are ubiquitously expressed on nucleated cells and play
 central role in immune surveillance. Their primary function
s to present endogenous peptides, including those derived from
ntracellular pathogens and tumor-associated proteins, to CD8 +
ytotoxic T lymphocytes (CTLs), thereby enabling the immune
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system to recognize and eliminate infected or malignant cells
[ 3 ]. MHC-I molecules are fundamental to the efficacy of various
immunotherapeutic strategies, such as viral and cancer vaccines,
T cell receptor-engineered T cell therapies (TCR-T), and immune
checkpoint blockade (ICB). 

However, the MHC system also imposes several fundamen-
tal challenges for the development of immunotherapies. The
extreme polymorphism of classical MHC-I molecules, though
evolutionarily advantageous for population-level defense against
pathogens [ 2 ], significantly limits universal treatment design and
its use, distribution and reproduction in any medium, provided the original work is properly 
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opulation-wide coverage [ 4 ]. Additionally, the downregulation
r loss of MHC-I expression, a common immune evasion strategy
mployed by pathogens and tumors, reduces the efficacy of many
mmunotherapies by preventing cytotoxic CD8 + T cells from
ecognizing and eliminating target cells [ 5 ]. In allogeneic settings,
HC mismatches between donor immune cells and recipient
arget cells can trigger adverse immune responses, such as graft
ejection or graft-versus-host disease (GVHD), complicating the
evelopment of off-the-shelf cellular therapies [ 6 ]. Together,
hese limitations highlight the urgent need to explore alternative
trategies that can overcome these barriers to broaden the reach
nd robustness of next-generation immunotherapies. 

hile classical MHC-I molecules (HLA-A, -B, and -C) have
een extensively studied for their roles in antigen presentation
nd immune regulation, their nonclassical counterparts (HLA-E,
LA-F, HLA-G, CD1, and MR1) remain underappreciated despite
heir unique roles in immune modulation. Unlike classical MHC-
, these molecules exhibit limited polymorphism, specialized
ntigen repertoires, unconventional trafficking behaviors, and
he ability to engage both innate and adaptive immunity [ 7 ].
mportantly, their expression is often maintained or upregulated
n pathological contexts such as infection and cancer [ 7 ]. These
istinct features position nonclassical MHC-I molecules as strate-
ically valuable targets to overcome the fundamental limitations
f conventional MHC-restricted therapies, offering new avenues
or next-generation immunotherapies. 

his review explores how the special structural and func-
ional features of nonclassical MHC-I molecules present novel
herapeutic opportunities. We first examine the evolutionary
daptations and structural properties that enable the specialized
mmune functions of these molecules, ranging from uncon-
entional antigen presentation to fine-tuned immune modula-
ion. We then discuss their distinct receptor interactions and
oles in coordinating innate and adaptive immunity within
issues and disease contexts. Finally, we highlight emerging
ranslational strategies targeting nonclassical MHC-I molecules,
hile critically evaluating challenges related to delivery, speci-
icity, pharmacodynamics, and safety. By integrating fundamental
mmunology with therapeutic design, this review aims to pro-
ide a strategic framework for harnessing nonclassical MHC-
 molecules to overcome current therapeutic limitations and
dvance next-generation immunotherapies. 

 Overview of the MHC System 

.1 Discovery, Genetic Organization, and 

tructure of the MHC Molecules 

HC was initially discovered in studies on tumor transplant
ejection in a murine model [ 8 ]. Follow-up research high-
ighted the important role of MHC molecules in orchestrating
mmune responses [ 9 ] and demonstrated that certain MHC
lleles are associated with disease susceptibility [ 10 ]. The concept
f MHC restriction originated from the observation that viral-
pecif ic CTLs eliminated only lymphocytic choriomeningitis
irus-infected target cells sharing the same MHC allotype in mice
 11 ]. Subsequent studies showed that CD8 + and CD4 + T cells are
estricted by MHC-I and MHC-II molecules, respectively [ 12, 13 ].
of 33
Later discoveries revealed that MHC molecules bind to foreign
peptides and present them for T cell recognition [ 14–16 ]. The
crystal structure of HLA-A2 further revealed a defined peptide
binding groove, providing structural insights into this process
[ 17 ]. Together, these pioneering studies established the MHC as
a cornerstone of adaptive immunity. 

The human MHC gene region, located on the short arm of
chromosome 6, contains over 200 genes, many of which are
essential to immune system functions. Based on their structure
and functions, these genes are categorized into three classes
(Figure 1 ) [ 18 ]. Class I genes encode HLA-I molecules, which
are ubiquitously expressed and mainly responsible for presenting
endogenous antigens to CTLs [ 3 ]. They are further divided
into two subsets: the classical HLA-Ia group (HLA-A, -B, -C),
characterized by extensive polymorphism, and the nonclassical
HLA-Ib group (HLA-E, -F, -G, -H), which displays limited
polymorphism [ 19 ]. The HLA-II region encodes molecules pre-
dominantly expressed on antigen presenting cells (APCs), which
are responsible for presenting exogenous antigens to CD4 + T
cells, including T helper cells. HLA-DR, HLA-DP, and HLA-DQ
represent the major loci and are characterized by allelic diversity
[ 19 ]. HLA-DM and HLA-DO, located in the same region, play
essential roles in the peptide loading of HLA-II proteins [ 20 ]. The
latter are commonly referred to as nonclassical HLA-II molecules
and exhibit restricted variability. Additionally, the region also
contains genes encoding key components involved in HLA-I
peptide loading, including transporter associated with antigen
processing (TAP) and tapasin. Class III genes are distinguished
from other HLA classes by their role in producing secreted
proteins that influence immunity indirectly. These molecules,
including complement factors and diverse cytokines, are crucial
for immune regulation and defense but do not participate in
antigen presentation [ 21 ]. 

Classical MHC molecules exhibit extraordinary genetic poly-
morphism [ 22 ]. This diversity has been selected in evolution
by infectious disease over many millennia in humans and over
millions of years in other vertebrates [ 2, 23 ]. Strong evidence for
selection of HLA variants associated with resistance to infection
has come from analyses of T cell responses to new pathogens
like human immunodeficiency virus (HIV) [ 24 ], hepatitis C virus
(HCV) [ 25 ], and SARS-CoV-2 [ 26 ], as well as in older ones,
including Mycobacterium tuberculosis (Mtb) [ 27 ]. Conversely,
certain HLA alleles have been linked to increased susceptibility to
various autoimmune disorders [ 28 ]. These findings show a strik-
ing contrast to the limited polymorphism in nonclassical HLA-I
and -II molecules, implying that they have dominant and highly
conserved functions preserved by purifying selection. Yet, given
the similarities between these conserved molecules and their
polymorphic cousins, there remains an intriguing possibility: if
these nonclassical HLA molecules could be modified or primed
to present certain foreign immunogens to T cells, alongside their
dominant conserved function, they might open up novel and
exciting therapeutic options. 

Beyond the MHC region, several genes on other chromosomes
also encode proteins with structural and functional homology
to HLA-I molecules. Among these are the cluster of differenti-
ation 1 antigen (CD1) and MHC-related protein 1 (MR1) (also
referred to as MHC-I-like molecules), which are specialized for
MedComm, 2026



FIGURE 1 Schematic illustration of human chromosome 6 showing the main MHC genes. This figure illustrates the genomic clustering of major 
histocompatibility complex (MHC)-related genes on the short arm of human chromosome 6 (6p21.3). The MHC is divided into three regions—Class 
I, Class III, and Class II—each region contains genes with distinct immunological roles: the Class I region encodes classical (HLA-A, -B, -C) and 
nonclassical (HLA-E, -F, -G) MHC-I molecules. The Class II region includes HLA-DP, -DQ, and -DR molecules, as well as genes encoding proteins 
involved in antigen processing. The Class III region encodes components of the complement system and inflammatory mediators. Notably, CD1 and 
MR1 are located outside the MHC locus and are not depicted here. Figure adapted from Ref. [ 409 ]. 
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he presentation of lipid and metabolite antigens, respectively
 29 ]. Other genes essential for antigen presentation also reside
utside the MHC region, including the invariant light chain β-2-
icroglobulin ( β2m; chromosome 15) and TAP-binding protein
elated (TAPBPR; chromosome 12), a protein vital for HLA-I
eptide loading. 

tructurally, the HLA-I heavy chain is a Type I protein composed
f three extracellular domains ( α1, α2, and α3), a short trans-
embrane region, and an intracellular cytoplasmic tail. The α1
nd α2 domains form the peptide-binding groove, whereas the
3 domain associates with β2m [ 17, 30 ]. Notably, the peptide-
inding cleft and TCR-interacting surfaces are the primary sites
f the HLA-I’s extensive polymorphism [ 31, 32 ]. This genetic
iversity has evolved to enable effective immune responses
gainst pathogens, optimizing the immune system’s ability to
ombat infections and threats. The heavy chain typically forms
 heterotrimer with β2m and peptide in the ER and then traffics
o the cell surface and presents the peptide. 

he MHC system is one of the most evolutionarily conserved
omponents of the vertebrate immune system, reflecting its
undamental role in host defense. Homologs of MHC genes have
een identified in a wide range of jawed vertebrates, indicating
heir ancient origin dating back over 400 million years [ 1,
3 ]. While the overall genomic organization and specific gene
ontent can vary between species, the core function of MHC
olecules—to present peptide antigens to T cells—has been
emarkably preserved [ 1, 2 ]. Classical MHC-I molecules across
pecies retain the same structural motifs necessary for peptide
inding and interaction with CD8 + T cells, highlighting the
edComm, 2026
evolutionary pressure to maintain effective antigen presentation
mechanisms [ 1 ]. However, species-specific adaptations also exist,
such as expansion or contraction of certain MHC gene families,
differences in allele numbers, and the emergence of unique
nonclassical MHC molecules, which reflect the coevolution of the
MHC system with diverse pathogen landscapes [ 2, 33 ]. 

2.2 The Crucial Role of MHC in the Immune 
System 

The MHC pathway is indispensable for T cell development in
the thymus (Figure 2 ), where positive and negative selection
ensure that emerging T cells are both self-MHC-restricted and
self-tolerant [ 34 ]. Immature thymocytes expressing TCRs must
recognize self-MHC molecules presented by thymic epithelial
cells to receive survival signals [ 35 ]. Simultaneously, high-affinity
recognition of self-peptides leads to deletion of autoreactive
clones, a key mechanism to prevent autoimmunity [ 36 ]. Notably,
TCRs bind to their foreign targets with very low affinity, typically
with a Kd of 1–100 µM [ 37 ]. This minimizes the chances of func-
tional cross-reactivity with peptides of similar sequences. Mech-
anistically, this is facilitated by the immunological synapse—a
specialized interface where the TCR engages the peptide–MHC
complex surrounded by coreceptors that stabilize the interaction
and enhance signal fidelity [ 38 ]. Following activation, T cells dif-
ferentiate into effector and/or memory cells, which then circulate
and continuously rely on MHC-mediated antigen recognition to
carry out their functions. Apart from antigen recognition, MHC–
CR interactions also provide essential signals for maintaining
T cell survival, memory, and homeostasis [ 39 ]. Thus, MHC
3 of 33



FIGURE 2 Central roles of MHC molecules in immune cell development and function. The diagram illustrates the pivotal roles of MHC molecules 
in T cells, NK cells, and B cells. T cells (left panel): MHC molecules are integral to thymic selection and antigen recognition. During thymic selection, 
T cells undergo positive and negative selection to ensure self-tolerance and functional competency. MHC molecules present antigens, enabling T cells 
to recognize and respond to specific pathogens. The interaction between MHC molecules and TCRs is crucial for immune activation. NK cells (middle 
panel): MHC molecules are involved in NK cell licensing and recognition of “missing self.” Licensing is the process through which NK cells gain 
functional maturity, often influenced by interactions with MHC Class I molecules on surrounding cells. NK cells recognize cells lacking self-MHC 
markers, which may indicate infection or malignancy, prompting the destruction of these compromised cells. B cells (right panel): in B cells, MHC 
molecules contribute to peripheral maturation and antigen presentation. B cells mature in peripheral lymphoid organs, where MHC molecules aid in 
the presentation of processed antigens to helper T cells for the activation of humoral immunity. This antigen presentation by B cells is crucial for the 
production of specific antibodies and the generation of long-lasting immune memory. 
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olecules not only ensure proper T cell development and self-
olerance but also enable T cells to carry out precise and effective
mmune surveillance and responses. 

n addition, CD1 molecules, which share structural similarity
ith MHC-I, present lipid and glycolipid antigens to natural
iller T (NKT) cells, enabling rapid responses to microbial and
elf-derived lipids. MR1 presents small-molecule metabolites,
ncluding vitamin B derivatives, to mucosal-associated invariant
 (MAIT) cells, which play crucial roles in mucosal immunity
nd antimicrobial defense. These two nonpolymorphic MHC-I
olecules further extend the range of antigens recognizable by
 cells and bridge innate and adaptive immunity. 

longside the adaptive T cell-mediated immune responses is the
ore ancient innate immune system, which responds rapidly
nd broadly to danger signals, often through pattern recogni-
ion receptors. A key player of innate immunity is the natural
iller (NK) cell, which is tightly regulated by interactions with
HC/HLA molecules via specific receptors, some of which
eliver activating signals while others give inhibitory signals.
uring development, NK cells undergo a process of “education”
r “licensing,” in which engagement of their inhibitory receptors
ith self-MHC-I molecules ensures functional competence and
elf-tolerance (Figure 2 ). A central concept in NK cell biology
s the “missing self-hypothesis,” which proposes that NK cells
re activated to kill cells that have lost or downregulated MHC-I
of 33
expression—a frequent adaptation of virus-infected or tumor-
transformed cells, which enables them to evade T cell-mediated
immune attack [ 40 ]. 

NK cell receptors exhibit remarkable specificity for differ-
ent MHC molecules. Killer cell immunoglobulin-like receptors
(KIRs) allow NK cells to monitor classical HLA-I molecules with
high specificity [ 41 ], including HLA-C and subsets of HLA-A
and -B. This recognition relies only minimally on the bound
peptide [ 42 ]. Different KIRs, containing either two or three
domains, deliver either inhibitory or activation signals, with
the former usually dominant. This balance regulates NK cell
activity in a precise way. The inhibitory receptors leukocyte
immunoglobulin-like receptor subfamily B member 1 (LILRB1)
and LILRB2 (also known as immunoglobulin-like transcript 2
[ILT2] and ILT4) preferentially bind to the nonclassical molecule
HLA-G, contributing to maternal–fetal tolerance and immune
modulation [ 43 ]. The cluster of differentiation 94 (CD94)/NK
Group 2 (NKG2) receptors specifically recognize HLA-E pre-
senting peptides derived from MHC-I leader sequences, known
as VL9, thereby linking innate recognition to classical MHC
expression [ 44–47 ]. Like the KIR receptors, they mediate either
inhibitory signaling (via CD94/NKG2A) or activating signaling
(via CD94/NKG2C). Overall signaling is biased toward inhibition,
as CD94/NKG2A binds to the HLA-E–VL9 complex with higher
affinity. Additionally, the activating NKG2D/DAP10 receptor
detects stress-induced ligands such as MHC-I polypeptide-related
MedComm, 2026
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FIGURE 3 Main applications, challenges, and emerging 
solutions for MHC-dependent immunotherapies. MHC-dependent 
immunotherapies—such as vaccines, adoptive T cell transfer (e.g., 
TCR-T cells), and immune checkpoint inhibitors (e.g., anti-PD-1)—have 
demonstrated significant clinical efficacy. However, their efficacy is often 
hindered by several MHC-related challenges, including immune evasion 
due to MHC-I downregulation, limited patient coverage stemming from 

MHC polymorphism, and complications arising from MHC mismatch 
in allogeneic settings. Emerging strategies to overcome these barriers 
include MHC-independent therapies (e.g., CAR-T, BiTEs), restoration 
of MHC expression (e.g., IFN- γ treatment), and alternative approaches 
(e.g., nonclassical MHC, NK-based therapies). 
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equence A (MICA) and MICB [ 48 ]. Thus, classical and nonclas-
ical MHC molecules not only shape NK cell development but
lso orchestrate their functional capability to maintain immune
urveillance, protecting the host from infection, malignant trans-
ormation, and immune dysfunction. 

lthough not essential for the early development of B cells or
yeloid cells, MHC molecules are indispensable for their func-
ional maturation and immune competence (Figure 2 ). MHC-II
s critical for the function of mature B cells, enabling them to
resent antigens to CD4 + T cells, facilitating class-switch recom-
ination, affinity maturation, and long-lived antibody responses
 49 ]. Myeloid cells, such as dendritic cells and macrophages,
lso depend heavily on MHC-I and MHC-II to activate naive
 cells and shape adaptive immunity. Dendritic cells are spe-
ialized in using MHC-I molecules to cross-present exogenous
ntigens to CD8 + T cells, while simultaneously employing MHC-
I molecules to activate CD4 + helper T cells [ 50 ]. In contrast,
acrophages primarily present antigens via MHC molecules to
 cells during chronic inflammation or infection, contributing to
ustained immune responses [ 51 ]. Thus, while MHC molecules
o not determine the lineage identity of these cells, they are fun-
amental in coordinating immune function and communication
etween innate and adaptive immunity. 

HC genes are among the most polymorphic in the genome, a
eature maintained by balancing selection, particularly through
eterozygote advantage and pathogen-driven pressure [ 2 ]. This
xtreme polymorphism plays a pivotal role in shaping both indi-
idual and population-level immune competence. The genetic
iversity of MHC allows different individuals to present a broad
rray of pathogen-derived peptides, ensuring that across a pop-
lation, pathogens are less likely to escape immune detection,
hereby providing herd-level protection against rapidly evolving
icrobes [ 52 ]. However, at the individual level, MHC poly-
orphism contributes to variations in immune responsiveness,
nfluencing susceptibility to infectious diseases, the risk of
utoimmune disorders, and outcomes in organ transplantation
 53 ]. Despite this allelic diversity, the structural framework and
unctional roles of MHC molecules, including antigen presen-
ation and T cell education, are remarkably conserved across
volution [ 54 ]. Together, this unique combination of high poly-
orphism and deep evolutionary conservation highlights the
ssential and irreplaceable role of MHC in immune regulation. 

.3 MHC-I in Immunotherapies: Opportunities, 
hallenges, and Emerging Solutions 

he fundamental role of MHC molecules in antigen presentation
as made them central to a wide range of immunotherapeutic
trategies (Figure 3 ). In vaccine development, both therapeutic
ancer vaccines and prophylactic vaccines against pathogens
ely heavily on MHC-mediated peptide presentation to elicit
ffective T cell immunity specific for both cell surface and internal
ntigens. In cancer, personalized vaccines targeting neoantigens
ave shown promising results in clinical trials [ 55, 56 ]. Similarly,
or infectious diseases, vaccines designed to target conserved
iral or bacterial epitopes are being actively explored against a
ide range of pathogens [ 57, 58 ]. Adoptive cell therapies (ACTs),
uch as TCR-T and other cells expressing TCRs or TCR-like
edComm, 2026
antibodies, represent another promising class of MHC-dependent
immunotherapies [ 59 ]. These approaches involve the transfer of
T cells genetically engineered to express tumor-specific TCRs
that recognize antigenic peptides presented by MHC-I molecules.
Several TCR-T therapies targeting shared tumor antigens, such
as NY-ESO-1, are currently undergoing clinical trials and have
demonstrated encouraging therapeutic potential [ 60 ]. 

In addition, the efficacy of immune checkpoint inhibitors,
such as antiprogrammed cell death protein (PD)-1 and anti-
cytotoxic T-lymphocyte-associated protein (CTLA)-4 therapies,
relies on functional MHC-I presentation to enable the reacti-
vated T cells to recognize and kill tumor cells [ 61 ]. Tumors
with high neoantigen burden and intact MHC-I expression
tend to respond better to these therapies, while loss of MHC
expression is a known resistance mechanism [ 62 ]. Beyond
oncology and infectious diseases, MHC-targeted approaches
are being developed to regulate immune responses in autoim-
munity and transplantation. In autoimmune diseases, the
focus is on promoting tolerance and reducing autoimmunity
through peptide-based immunotherapies that engage MHC-II
pathways to induce regulatory T (Treg) cell responses [ 63 ]. In
transplantation, strategies employed to minimize alloreactivity
include MHC matching and the use of MHC-blocking antibod-
ies or peptide inhibitors to prevent T cell activation against
donor antigens [ 64 ]. Together, these applications highlight the
5 of 33
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ersatility and central importance of MHC molecules across
iverse immunotherapeutic contexts. 

owever, the biological constraints of MHC present signifi-
ant challenges to the development and broad application of
mmunotherapies. A major limitation is the extreme polymor-
hism of MHC genes, which restricts the application of TCR-
ased therapies and peptide vaccines to individuals with matched
lleles [ 4 ]. This genetic variability complicates the development
f universal treatments and limits population-wide coverage.
dditionally, many cancers and chronic infections evade immune
ecognition by downregulating MHC-I expression, making these
bnormal cells invisible to CD8 + T cells and reducing the efficacy
f immunotherapies like ICB and ACT [ 5 ]. Beyond immune
vasion, the limited peptide-binding specificity of individual
HC variants restricts the repertoire of presentable antigens.
ven highly mutated tumors may display only a few immuno-
enic epitopes, and computational predictions of MHC binding
re often imprecise, making neoantigen vaccine development
echnically challenging and uncertain [ 65 ]. Furthermore, MHC
ismatch poses a significant barrier to allogeneic cell therapies
uch as donor-derived chimeric antigen receptor (CAR)-T cells or
CR-T cells, increasing the risk of rejection or GVHD [ 6 ]. While
enome editing disrupting MHC expression offers a promising
pproach to generate universal donor cells, this strategy remains
xperimental and raises concerns regarding safety and long-term
mmune compatibility [ 66 ]. 

o address these challenges, several innovative strategies are
nder active investigation. One approach aims to bypass MHC
ependence entirely—such as using universal CAR-T cells,
CR mimic antibodies, or bispecific T-cell engagers (BiTEs)
o redirect T cells to tumor targets without requiring MHC-
-restricted antigen presentation [ 66–68 ]. In parallel, emerging
n vivo engineering approaches are designed to deliver TCRs,
ARs, or BiTEs directly as gene therapies or “immune vaccines,”
nabling the generation or redirection of effector T cells within
he patient [ 69 ]. Such in vivo strategies could simplify produc-
ion, reduce costs, and broaden accessibility. Another strategy
ocuses on restoring or enhancing MHC-I function, including
pregulating MHC expression with interferon- γ stimulation or
pigenetic modulation, or employing artificial APCs engineered
o express a panel of MHC alleles to expand T cells in vitro
nd then giving them back to patients [ 70, 71 ]. Nonclassical
HC molecules offer another promising avenue, as they are less
olymorphic, often resistant to downregulation in infection and
ancer, and engage both innate and adaptive immune pathways
 72 ]. Additionally, NK cell-based therapies can take advantage of
he loss of MHC-I expression, a common mechanism of tumor
mmune evasion, to selectively target cells with reduced MHC-I
evels [ 73 ]. 

n summary, immunotherapies involving MHC are crucial in
irecting immune responses across a range of clinical applica-
ions. While current strategies have achieved notable success,
specially in cancer and chronic infection, they are constrained by
HC polymorphism, immune evasion by tumors and pathogens,
nd risks of adverse immune activation. The integration of MHC-
ndependent platforms, enhancement of antigen presentation,
xploitation of nonclassical MHC molecules, and use of alter-
ative immune recognition systems offers a promising path
of 33
forward to overcome these limitations and extend the benefits of
immunotherapy to a broader patient population. 

3 HLA-E 

3.1 HLA-E Is Evolutionarily Optimized for VL9 
Peptide Presentation 

One of the key distinctions between HLA-E and classical MHC-
Ia molecules lies in their peptide repertoire and polymorphism
(Figure 4 ). Classical MHC-Ia molecules are highly polymorphic
and can present a diverse repertoire of peptides to CD8 + T cells,
facilitating immune recognition of diverse antigens. In contrast,
the nonclassical HLA-Ib molecule HLA-E is nonpolymorphic,
with only two predominant alleles (HLA-E*01:01 and HLA-
E*01:03) [ 74 ]. They share an identical peptide-binding groove and
differ by a single residue at position 107 [ 75 ]. HLA-E presents
a narrow range of peptides to NK cells, mostly derived from
the signal sequences of classical MHC-I molecules, typically
VMAPRTL(L/V/I)L (VL9) [ 75–77 ]. The HLA-E binding groove is
tailored for VL9, with key contributions from amino acid residues
at positions 67, 143, 147, 152, and 156 [ 75 ]. 

This limited polymorphism and VL9-dominated peptidome of
HLA-E reflect its primary role in presenting HLA-Ia leader
sequence-derived VL9 peptides for recognition of NK cells and
a subset of activated CD8 + T cells [ 44, 78, 79 ]. The HLA-E–
L9 complex is a ligand for CD94–NKG2A and CD94–NKG2C

receptors on different subsets of NK cells [ 80 ]. The former binds
with higher affinity and suppresses NK cell activation [ 81 ], while
the latter transmits an activating signal to NK cells [ 82 ]. Together,
these opposing interactions fine-tune NK cell responsiveness,
allowing HLA-E to serve as a “missing-self” sensor that protects
healthy cells from NK cell-mediated lysis but not abnormal cells
without intact MHC-I antigen presentation pathways [ 44, 46 ].
Furthermore, engagement of HLA-E with the CD94/NKG2A
receptor on a small population of activated CD8 + T cells delivers
inhibitory signals that suppress T cell activation and cytotoxicity,
a mechanism recognized as essential for maintaining immune
tolerance [ 78, 79 ] (Table 1 ). 

The structural features of HLA-E and its unconventional traf-
ficking upon surface arrival further support its major role in
regulating NK cells. Surface expression of HLA-E requires the
VL9 peptide [ 76, 112 ], which promotes the proper refolding of
HLA-E into a compact and stable form. This enables HLA-E
to pass the proofreading checkpoints mediated by tapasin and
TAPBPR, facilitating its exit from the ER [ 113 ]. As VL9 is derived
from the signal sequences of classical MHC-Ia molecules, the
surface level of HLA-E serves as an effective indicator of HLA-
Ia expression. Despite VL9 being ubiquitously expressed, HLA-E
is not saturated with endogenous VL9 under normal conditions
[ 114 ]. Besides, the peptide-receptive HLA-E/ β2m dimers are
more stable than their HLA-Ia counterparts [ 115 ]. Such relative
abundance and relatively rigid structure of intracellular peptide-
receptive HLA-E likely enhances its sensitivity to fluctuations in
HLA-Ia expression, thereby ensuring its capability to modulate
NK cell responses [ 116 ]. 

Unlike classical HLA-Ia molecules, which are mostly stable on
the cell surface, HLA-E is rapidly internalized following its arrival
MedComm, 2026



FIGURE 4 Structure overview of human nonclassical HLA-I molecules. Representative structures of HLA-E (PDB ID: 1MHE), HLA-F (PDB ID: 
5KNM), HLA-G (PDB ID: 1YDP), CD1 (PDB ID: 1ZT4), and MR1 (PDB ID: 4GUP). The HLA heavy chains (green) are shown in complex with β2- 
microglobulin (cyan). The distinct ligand types are highlighted: peptide for HLA-E (VMAPRTVLL) and HLA-G (RIIPRHLQL), lipid for CD1d ( α-GalCer), 
and metabolite for MR1 (5-OP-RU). HLA-F is depicted in a peptide-free form. The images were created from the PDB data cited above using the PyMOL 
Molecular Graphics System, Version 3.1.6.1, Schrödinger, LLC. 
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t the plasma membrane, with a surface half-life of around
0 min [ 114 ]. This instability arises in part from the lower binding
ffinity of VL9 than most HLA-Ia peptides, which results in a less
table HLA-E–VL9 complex, even though VL9 is considered the
trongest HLA-E-binding peptide [ 116–119 ]. The fast internaliza-
ion of HLA-E is further facilitated by its cytoplasmic tail [ 114 ],
ith a unique motif driving rapid clathrin-mediated endocytosis,
n contrast to the pathways used by classical HLA-I molecules
 120 ]. Together, these unique features allow HLA-E to reflect
he cellular status of HLA-Ia molecules in a dynamic manner,
nabling the timely detection of abnormal cells by NK cells. 

nder abnormal conditions such as pathogen infection, the
uppression of HLA-Ia surface expression and disruption of the
lassical antigen presentation machinery are common strategies
mployed to evade T cell recognition [ 5 ]. In contrast, HLA-E
evel is often maintained or even upregulated [ 121, 122 ], helping
arget cells avoid NK cell-mediated killing and suppress T cell
esponses. HLA-E trafficking is often regulated differently from
hat of classical HLA-I molecules in these cases, as shown for
tb [ 123 ], human cytomegalovirus (HCMV) [ 121, 124 ], and HIV

 122, 125, 126 ]. To facilitate immune escape, tumor cells not only
edComm, 2026
upregulate their own HLA-E surface level for self-protection [ 83,
127, 128 ], but also secrete soluble HLA-E, thereby extending the
protection to neighboring cells [ 129–131 ]. 

Despite sequence variations, MHC-E homologs across species
exhibit striking functional and structural conservation [ 115, 132 ],
underscoring the critical role of the ancient “missing-self” recog-
nition system in immune regulation. Similar to HLA-E, the
murine homolog quality assurance 1 (Qa-1) is nonpolymorphic,
with only four known alleles identified to date [ 132 ]. Qa-1 shares
a similar peptide-binding specificity with HLA-E [ 75, 112, 133–
135 ], preferentially presenting the Qdm peptide (AMAPRTLLL)
derived from the signal sequences of H-2D/L (murine MHC-I)
[ 136, 137 ], a functional parallel to the HLA-E/VL9 interaction
for NK cell regulation. Similar to VL9, Qdm binds to Qa-1 with
moderate affinity, leading to relatively low surface stability of the
Qa-1/Qdm complex [ 138 ]. Such reduced stability may stem from
the replacement of tryptophan with serine at positions 143 and
147 [ 139 ], as is observed in HLA-E [ 75 ]. Mamu-E (Rhesus monkey
MHC-E) has approximately 30 alleles, which are slightly more
diverse than HLA-E but still markedly less polymorphic than
MHC-Ia molecules [ 140 ]. Besides, while HLA-E is essentially
7 of 33



TABLE 1 Receptors for nonclassical MHC-I molecules and corresponding immune cell subsets. 

MHC-I Immune cells Receptors Inhibitory Activating References 

HLA-E NK NKG2A/CD94 X [ 83 ] 
NKG2C/CD94 X [ 84, 85 ] 

NKT cells NKG2A/CD94 X [ 83 ] 
CD8 + T cells NKG2A/CD94 X [ 78, 79, 83, 86 ] 

NKG2C/CD94 X [ 85 ] 
TCR X [ 87 ] 

CD4 + T cells NKG2A/CD94 X [ 86, 88 ] 
NKG2C/CD94 X [ 89 ] 

TCR X [ 90 ] 
γδ T cells NKG2A/CD94 X [ 91 ] 

NKG2C/CD94 X [ 92 ] 
HLA-G NK cells LILRB1 X [ 93 ] 

KIR2DL4 X X [ 94, 95 ] 
CD8 X [ 43 ] 

NKT cells LILRB1 X [ 96 ] 
CD8 + T cells LILRB1 X [ 93 ] 

CD8 X [ 97 ] 
KIR2DL4 X [ 93 ] 

CD4 + T cells LILRB1 X [ 93 ] 
γδ T cells LILRB1 X [ 98 ] 

Dendritic cells LILRB1 X [ 93 ] 
LILRB2 X [ 99 ] 

B cells LILRB1 X [ 93 ] 
Monocytes/macrophages LILRB1 X [ 93 ] 

LILRB2 X [ 93 ] 
Neutrophil LILRB2 X [ 100 ] 

Myeloid-derived 
suppressive cells 

LILRB1 X [ 93 ] 
LILRB2 X [ 101 ] 

HLA-Fa NK cells KIR3DS1 X [ 102 ] 
KIR3DL2 X [ 103 ] 

CD8 + T cells KIR3DL2 X [ 103 ] 
CD4 + T cells KIR3DL2 X [ 103 ] 

CD1b iNKT cells V α24-J α18/V β11c X [ 104 ] 
Type II NKT αβTCR X [ 104 ] 

Conventional T cells αβTCR X [ 105 ] 
γδ T cells γδTCR X [ 106–108 ] 

MR1 MAIT Semi-invariant αβTCR X [ 109 ] 
Conventional T cells αβTCR X [ 110 ] 

γδ T cells γδTCR X [ 111 ] 

Abbreviations: CD1, cluster of differentiation 1; KIR, killer cell immunoglobulin-like receptor; LILRB1/2, immunoglobulin-like receptor subfamily B member 1/2 
(also known as Immunoglobulin-like transcript 2 [ILT2] and ILT4); MAIT, mucosal-associated invariant T cell; MR1, the MHC-I-related molecule 1; NK, natural 
killer cell; NKT, natural killer T cell; TCR, T-cell receptor; X indicates a reported interaction. Receptor–ligand pairs are shown using standard abbreviations: HLA, 
human leukocyte antigen; αβTCR, alpha-beta TCR; γδTCR, gamma-delta TCR. 
a HLA-F has been reported to interact with additional receptors, but their functional roles on specific immune cell subsets remain unclear and are therefore not 
included here. Notably, KIR3DS1 can bind both peptide-loaded HLA-F and open conformers, whereas other receptors listed here have only been shown to recognize 
the open conformer. 
b NKT cells exclusively recognize CD1d, and conventional T cells exclusively recognize CD1a, CD1b, or CD1c. In contrast, γδ T cells have been reported to recognize 
CD1a through CD1d. 
c The canonical TCR α- and β-chain rearrangements characteristic of human invariant NKT (iNKT) cells. 
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imorphic, Mamu-E gene duplications are very common with
ore polymorphism [ 141 ], although the peptide binding groove
f Mamu-E remains well conserved [ 140 ]. Mamu-E resembles
LA-E in both sequence and structure, especially in the peptide-
inding groove region [ 115 ]. Therefore, investigation of HLA-E
rthologues extends the potential peptide repertoire of HLA-E,
eveals its conserved structural and functional features, and offers
elevant nonhuman primate (NHP) models. 

.2 Unique Features of HLA-E Also Facilitate 
nconventional Peptide Presentation 

eyond its well-characterized role in presenting leader pep-
ides from classical HLA-Ia molecules, HLA-E can also present
athogen- and tumor-derived peptides and activate CD8 + T
ells [ 87 ]. Emerging evidence indicates that these unconven-
ional HLA-E-restricted CD8 + T cell responses arise broadly in
acterial, viral, and tumor contexts, though this area remains
nderstudied. In Mtb infection, HLA-E can present Mtb-derived
eptides for the recognition of CD8 + T cells, controlling bacterial
rowth in infected individuals [ 142, 143 ]. Among the Mtb-derived
eptides that can bind to HLA-E and activate CD8 + T cells, Mtb44
RLPAKAPLL) is the most striking [ 144 ], with peptide binding
ffinity comparable to VL9 [ 115 ]; however, it is not actually very
mmunogenic [ 145 ]. The IL9 peptide (IMYNYPAML) binds well to
LA-E and is immunodominant [ 117, 146 ]. Another Mtb-derived
eptide, Rv0634A19-29 (EIEVDDDLIQK), is broadly recognized
y HLA-E-restricted CD8 + T cells across donors [ 146 ]. Despite
aving a highly charged rather than hydrophobic sequence, it
s immunogenic, suggesting it may bind HLA-E in an uncon-
entional manner [ 146 ]. Similarly, in Salmonella typhi ( S.typhi )
nfection, HLA-E presents bacterial peptides that activate CD8 +
 cells, leading to sustained inhibition of bacterial pathogenesis
 147, 148 ]. In viral infections, HLA-E-restricted responses have
een documented against Epstein–Barr virus (e.g., the BZLF139-
7 peptide) [ 149 ], HCV (the core-derived YLLPRRGPRL peptide)
 122, 150 ], SARS-COV2 [ 151 ], and HCMV (via UL40-encoded VL9-
imics) [ 149, 152 ]. H-2 Qa-1-restricted presentation of pathogen-
erived peptides has also been reported in Mtb [ 153 ], Listeria
onocytogenes [ 154 ], S.typhi [ 155 ], and influenza infections in
ice [ 156 ]. 

amu-E can present peptides derived from simian immun-
deficiency virus (SIV) and elicit protective CD8 + T cell
esponses in Rhesus macaques (RMs) vaccinated with a Rhe-
us cytomegalovirus (RhCMV) 68-1-vectored vaccine containing
ecombinant SIV genes [ 157 ]. Similarly, RhCMV68-1-vectored vac-
ines expressing antigens derived from Mtb, malaria, or hepatitis
 virus (HBV) can elicit MHC-E-restricted CD8 + T cell responses
hat inhibit pathogenesis in RMs [ 158–160 ]. HLA-E-restricted
D8 + T cell responses targeting the HIV Gag-derived RL9 peptide
RMYSPTSIL) and the Rev peptide IL9 (ILVESPTVL) can be effi-
iently induced in vitro, leading to suppression of HIV replication
 161, 162 ]. Besides, HLA-E-restricted T cell responses specific for
he Gag peptide KAFSPEVIPML, which is also presented by HLA-
*57, have been described [ 163 ]. Some other peptides derived from
IV have also been shown to bind HLA-E and enhance its surface
tability [ 164 ]. Given the strong similarities between Mamu-E and
LA-E in expression, sequence, and peptide binding properties

 115, 140, 157 ], effective HLA-E-restricted CD8 + T cell responses
edComm, 2026
may likewise play a role in HIV control in vivo, though further
studies are needed to validate this. 

Beyond generating unconventional effector CD8 + T cell
responses, HLA-E also serves as a restriction element for a
specialized lineage of CD8 + Treg cells that maintain immune
homeostasis and self-tolerance [ 165 ]. In mice, Qa-1-restricted
CD8 + Treg cells recognize self-peptides presented by activated
CD4 + T cells [ 166, 167 ], enabling them to suppress T follicular
helper cells and autoreactive CD4 + T cell subsets, thereby
maintaining self-tolerance [ 168, 169 ]. Disruption of Qa-1 impairs
CD8 + Treg function and promotes autoimmunity [ 170 ]. Although
their human counterparts remain less well defined, emerging
evidence suggests that HLA-E-restricted CD8 + Treg cells
contribute to immune tolerance [ 171 ]. Together, these findings
indicate that HLA-E shapes immune homeostasis by regulating
both effector and regulatory CD8 + T cell subsets, thereby
enabling precise, context-dependent control of adaptive immune
responses. 

Release of the ER reservoir of HLA-E, dependent on the supply
of VL9 peptide, rapidly increases its surface expression. Then,
the rapid surface turnover of HLA-E results in its accumulation
within endosomal compartments, particularly late endosomes
and recycling endosomes [ 114 ]. HLA-E/ β2m dimers demonstrate
higher stability and a higher tolerance for acidic environments
than HLA-Ia molecules [ 115, 172 ]. These properties likely facili-
tate peptide exchange within endosomes and promote efficient
recycling of HLA-E back to the cell surface [ 120 ]. Besides, the rel-
atively broad and rigid peptide-binding groove of HLA-E allows it
to accommodate and present a diverse array of pathogen-derived
peptides from endosomal compartments [ 115 ]. The relatively
low peptide-binding affinity, limited surface expression, and fast
surface turnover of HLA-E together help to prevent excessive
T cell exhaustion, contributing to better tumor control [ 173 ].
Thus, HLA-E’s unique adaptation for presenting VL9 peptides
to CD94/NKG2 receptors on NK and T cells also enables its
nonclassical function of presenting pathogen-derived peptides
through an unconventional endosomal pathway. 

3.3 HLA-E Is a Promising Target for 
Next-Generation Immunotherapies 

Pathogen-derived epitopes presented by HLA-E offer several
advantages that render them attractive targets for vaccine-elicited
CD8 + T cell responses. The lack of genetic polymorphism is
the biggest advantage, as it would enable universal vaccines
or T cell-based therapies. Also, many pathogens downregulate
the surface expression of HLA-Ia but not HLA-E to preserve
the HLA-E/NKG2A axis [ 174 ]. Compared with classical MHC-
Ia molecules, HLA-E presents lower-affinity peptides, which is
not necessarily a disadvantage. This characteristic leads to the
rapid surface turnover of HLA-E, making it less likely to induce
T cell exhaustion than the persistent, high-stability interactions
of HLA-Ia/peptide/TCR complexes [ 173 ]. Moreover, HLA-E could
modulate both NK cells and T cells simultaneously, offering
potential for dual regulation of the innate and adaptive immune
responses. The recent success of the RhCMV68-1-vectored vaccine
in eliciting protective MHC-E-restricted CD8 + T cell responses
against multiple infections in RMs strongly suggests that
9 of 33
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xploiting HLA-E could be a viable strategy for developing
accines that elicit protective CD8 + T cells against a broad
pectrum of infections [ 157, 159, 160 ]. 

espite these compelling advantages, translating HLA-E-
estricted antigen presentation into precise and safe vaccine
trategies presents substantial biological and technical
hallenges. HLA-E is structurally optimized to present the
ighly conserved VL9 peptide, which dominates its peptide
epertoire [ 75–77 ], creating an intrinsic challenge for the efficient
oading of pathogen- or tumor-derived peptides that generally
ind with lower affinity. CMV-based vectors could alter antigen
rocessing and trafficking pathways to enable unconventional
eptide loading onto HLA-E [ 121, 124, 175 ]. However, it may
lso promote presentation of atypical or self-peptides. What
ontrols which peptides are displayed by HLA-E remains poorly
nderstood and the relatively rare naturally occurring HLA-
-restricted T cells are not well characterized. Consequently,
accine-elicited HLA-E-restricted T cell responses could be
ross-reactive, highlighting the need for careful evaluation of
otential off-target effects. Improving delivery and specificity
ill therefore require rational peptide design, controlled antigen
xpression, vector refinement, and more precise delivery
trategies [ 176 ]. In addition, CMV-based vaccination induces
LA-E upregulation, which may be necessary for robust HLA-E-
estricted T cell priming [ 175 ], but could simultaneously enhance
K inhibition. Combining vaccination with NKG2A blockade
ay help decouple T cell activation from NK suppression and
mprove therapeutic efficacy. 

mmune checkpoint pathways play crucial roles in immune
olerance but are often hijacked by tumors to evade immune
urveillance [ 177 ]. While current ICB therapies have revolu-
ionized cancer treatment, their effects remain largely limited
o CD8 + T cells, potentially leading to low response rates—
articularly in patients with a low tumor mutation burden [ 177 ].
CB treatment of tumors can result in downregulation of HLA-
, -B, and -C, impairing T cell recognition, while simultaneously
pregulating HLA-E to engage the inhibitory receptor NKG2A,
uppressing both NK and T cell activity [ 178 ]. Targeting this
oinhibitory HLA-E/NKG2A axis presents a unique therapeutic
pportunity to unleash the cytotoxic functions of both NK cells
nd T cells, allowing for simultaneous restoration of innate
nd adaptive immunity. Emerging clinical data demonstrate
romising results with NKG2A blockade [ 179, 180 ] (Table 2 ),
articularly in combination with existing immunotherapies like
D-L1 blockade [ 181 ]. Therefore, this dual mechanism of action,
ridging both arms of the immune system, positions the HLA-
/NKG2A pathway as a compelling target for next-generation
mmunotherapies against cancer and persistent viral infections. 

s HLA-E surface level depends on the availability of the VL9
eptide, some viruses have evolved strategies to preserve or
ven enhance the VL9 peptide repertoire to maintain high HLA-
 levels. The best-studied example is HCMV, which encodes
ts own VL9 peptide within the signal sequence of the UL40
rotein [ 121 ]. This generates VL9 in a TAP-independent manner,
hereby evading the HCMV genes that block classical antigen and
L9 processing. Therefore, disrupting VL9 peptide processing in
ancer cells offers a potential strategy to downregulate HLA-E
n abnormal cells, unleashing robust immune responses. Can-
0 of 33
cer therapies targeting endoplasmic reticulum aminopeptidases
(ERAPs), which are critical for the final stage of VL9 peptide
trimming, have shown effective antitumor effects [ 182 ]. As ERAP
proteins also shape the classical MHC-I immunopeptidome [ 183 ],
they serve as promising targets for modulating both innate
and adaptive immunity. Another approach explores antibodies
specific for the HLA-E–VL9 complex to block its interaction with
CD94/NKG2A, which have been shown in vitro in humans and in
a humanized mouse model to enhance the elimination of infected
cells by activating both NK cells and CD8 + T cells [ 162 ]. However,
this strategy may also diminish the beneficial effects of NKG2C +
NK cells, particularly in CMV + individuals in whom NKG2C +
NK cells are often expanded [ 184, 185 ]. 

While these studies highlight several distinct strategies to ther-
apeutically target the HLA-E pathway, each has some inher-
ent limitations and challenges. Blocking antibodies against
CD94/NKG2A or the HLA-E–VL9 complex can rapidly release
inhibitory signaling but may require continuous administration.
HLA-E engages with multiple receptors, so careful combination
strategies should be considered. Disruption of HLA-E functions
might also inhibit the regulatory functions of CD8 + Treg cells,
leading to unwanted activation of T cells and B cells. The
broad expression of HLA-E raises concerns that systematic
blockade could disrupt NK/T cell tolerance and increase the
risk of unwanted damage to healthy tissues. Similarly, cell-based
approaches, such as CAR-T/NK cells and vaccines, also carry
risks of off-tumor effects due to the universal expression of HLA-
E. Direct manipulation of HLA-E cargo offers broader immune
reprogramming opportunities, but might also reshape classical
MHC-I immunopeptidomes, as they share antigen processing
machinery. Together, these considerations underscore that suc-
cessful therapeutic exploitation of HLA-E will likely depend
on carefully balanced, context-dependent combination strategies
that maximize immune activation while preserving immune
tolerance. 

4 HLA-F 

4.1 HLA-F Is Evolutionarily Optimized for Its 
Special Role in Immune Regulation 

HLA-F is a nonclassical MHC-I molecule whose enigmatic
functions are only beginning to be understood (Figure 4 ). HLA-
F plays specialized roles in immune regulation, interacting with
multiple NK cell receptors on NK cells and a subset of T cells [ 186 ]
(Table 1 ). Emerging evidence highlights its protective functions
in pregnancy and the peripheral nervous system [ 102, 187, 188 ],
as well as its potential to inhibit viral replication [ 189 ]. Notably,
HLA-F may associate with open-conformed HLA-I molecules
and could potentially facilitate their cross-presentation [ 190, 191 ],
suggesting a unique role in immune surveillance. Despite these
advances, HLA-F’s full biological significance and therapeutic
potential await further exploration. 

Unlike classical MHC-I molecules, the surface expression of
HLA-F is highly selective, primarily observed at the maternal–
fetal interface and on immune cells upon activation [ 192–195 ].
This conditional expression acts as a dynamic immunologi-
cal checkpoint, facilitating context-specific immune regulation.
MedComm, 2026
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1

LA-F is constitutively expressed across various tissues and
ell types, but is predominantly retained intracellularly [ 196 ],
nabling rapid mobilization for timely immune modulation while
inimizing unintended immune activation [ 195 ]. ER export of
LA-F is not affected by peptide binding [ 192 ], ensuring surface
obilization occurs only in response to immune activation or
ellular stress. Notably, HLA-F is quickly translocated to the
urface in activated lymphocytes but not in Treg cells [ 193 ],
ighlighting its role in balancing immune tolerance and con-
rolled responses, though the precise regulatory mechanisms
emain unclear. Though the surface half-life of HLA-F remains
ncharacterized, its structural stability in a peptide-free confor-
ation and its role in sustained immune inhibition likely confer
etter surface stability compared with classical MHC-I molecules.
ogether, these unique transport features and precisely regulated
xpression patterns position HLA-F as a dynamic yet tightly
ontrolled immune modulator. 

LA-F does not typically associate with peptides in the same
anner as classical MHC-I molecules, but is mostly found to exist
n an open conformer state [ 192, 196 ]. Such open conformation
ay facilitate its association with HLA-I heavy chains on the cell
urface [ 190 ], which serve as ligands for a range of activating and
nhibitory immune receptors [ 186 ], thus delivering modulatory
ignals to NK cells, dendritic cells, and a subset of T cells.
he ability of HLA-F to engage both activating and inhibitory
eceptors allows it to fine-tune immune responses, contributing
o both immune tolerance and activation depending on the
ontext. 

nlike classical HLA-I molecules, ER exit of HLA-F is peptide-
nd TAP-independent [ 192 ], instead relying on specific cytoplas-
ic motifs [ 197 ]. Due to its peptide-independent expression and
he relative stability of its open conformers, surface HLA-F exists
rimarily in a peptide-free state [ 186, 192, 196 ]. However, HLA-F
an also present peptides [ 186 ], though the mechanism of HLA-
 peptide presentation remains unclear, and no TCR-mediated
ecognition of HLA-F has been demonstrated to date. Peptide
inding further fine-tunes the immune regulatory functions of
LA-F, as its peptide-free and peptide-bound forms engage
istinct sets of inhibitory and activating NK receptors [ 102, 198 ]. 

LA-F possesses unique structural features in its peptide-binding
roove, where five of the 10 conserved residues essential for
aintaining the classical HLA-I binding groove architecture are
ubstituted [ 198 ]. Through these alterations, the peptide-binding
roove adopts an open architecture that allows for the binding of
ong peptides [ 186 ], similar to HLA-II molecules. The key residues
rucial for shaping its unique peptide binding groove structure
re highly conserved across primate species [ 199 ]. In addition,
eptides eluted from HLA-F are enriched in posttranscription
odification [ 186 ], suggesting evolutionary adaptation of its
inding groove for presenting modified peptides. These unusual
roperties of HLA-F’s peptide repertoire may play a crucial
ole in receptor recognition, warranting further investigation to
lucidate their functional significance. 

LA-F exhibits remarkably low polymorphism, with HLA-
*01:01 present in around 90% of individuals [ 200, 201 ], reflecting
ts evolutionary adaptation as a universal immune modulator.
his minimal genetic diversity, conserved across primate species
4 of 33
[ 199, 202 ], is critical for maintaining HLA-F’s unique peptide-
receptive open conformation, preserving interactions with β2m-
free MHC-I heavy chains and shaping its unique peptide reper-
toire [ 198 ]. These conserved structural features enable HLA-F to
function as a stable ligand for invariant immune receptors across
diverse populations. Beyond ensuring consistent immune regula-
tion, this minimal variation also reduces the risk of autoimmune
dysregulation, highlighting its specialized role in maintaining
immune tolerance and homeostasis. 

4.2 HLA-F Is a Possible Target for 
Next-Generation Immunotherapies 

In tumors, malignant cells frequently upregulate HLA-F surface
expression as an immune evasion strategy, engaging inhibitory
receptors to suppress cytotoxic responses, which correlates with
poorer clinical outcomes [ 203–205 ]. This positions HLA-F as a
critical modulator of the tumor microenvironment (TME). HLA-
F upregulation has also been reported during viral infections,
including HCV [ 206 ], Japanese encephalitis virus [ 207 ], human
adenovirus [ 208 ], BK polyomavirus [ 209 ], and HIV [ 102, 200 ].
During the infection, HLA-F demonstrates protective functions
by interacting with the activating NK receptor KIR3DS1 to stim-
ulate antiviral immune responses. Similar to HLA-E, antibody-
based strategies targeting HLA-F may modulate the activation
state of NK cells and T cells, with preclinical studies showing
efficacy in suppressing tumor growth [ 210 ] (Table 2 ). 

Although clinical immunotherapies targeting HLA-F are lack-
ing, emerging evidence suggests that HLA-F may offer distinct
advantages as an attractive target for immunotherapy. Unlike
classical MHC-Ia molecules that are frequently downregulated
in cancers and infections, HLA-F is often upregulated in these
pathological contexts, ensuring target availability for therapeutic
intervention. Its low polymorphism and predominant peptide-
receptive conformation simplify therapeutic development and
enhance translatability across diverse populations [ 192, 196,
200, 201 ]. Importantly, HLA-F’s selective expression patterns
minimize unintended damage to healthy tissues [ 192–195 ]. Fur-
thermore, HLA-F may orchestrate broad immune modulation by
engaging activating or inhibitory receptors on effector cells and
regulating both innate and adaptive immune responses, offering
opportunities for systemic immune network reprogramming
[ 186 ]. In terms of adaptive immunity, HLA-F not only associates
with other HLA-I molecules to regulate their surface half-life
[ 190 ], but can also be modulated to support cross-presentation
of classical HLA-Ia molecules [ 191 ], which could be harnessed to
amplify cancer vaccine responses or incorporated into CAR-T or
other ACT. 

While these observations highlight HLA-F as an emerging
immunotherapeutic target in oncology and infectious diseases,
significant gaps remain regarding its structural features, cell
biology, and immune functions. It would be wise to under-
stand these in more detail before trying to develop HLA-F-
based therapies. The structural heterogeneity of HLA-F and
its capacity to deliver both activating and inhibitory signals
complicate therapeutic targeting and raise safety concerns. As
open conformers are the predominant form of HLA-F expressed
on the cell surface, current therapeutic strategies have focused on
MedComm, 2026
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eveloping conformation-specific antibodies rather than ligand-
pecific reagents [ 102, 103 ]. However, a mono-specific HLA-F
ntibody is still lacking, let alone conformation-specific ones
 211 ], which is a major obstacle for both mechanical studies and
linical development of HLA-F-targeting therapies. In addition,
s HLA-F surface expression is largely peptide independent,
t is challenging to modulate its surface level directly. HLA-
 is often expressed as a transient open conformer on the
ell surface, complicating stable engagement by conventional
iologics. Furthermore, while the highly selective expression
attern of HLA-F may reduce the risk of off-target immune
ctivation, it also restricts the range of the diseases to which HLA-
-targeting therapies might apply. Overcoming these barriers
ill likely require alternative strategies, including cell-permeable
mall molecules, targeted delivery platforms, or cellular thera-
ies that exploit context-dependent expression and recognition
echanisms. Together, these challenges underscore the need for
eeper mechanistic insight and more precise targeting strategies
efore HLA-F can be reliably harnessed for immunotherapy. 

 HLA-G 

.1 HLA-G Is Evolutionarily Optimized for 
mmune Tolerance 

LA-G is a nonclassical MHC-I molecule with highly specialized
mmune-regulatory properties (Figure 4 ). Unlike the ubiquitous
xpression of classical HLA-I molecules, HLA-G expression is
ighly restricted to specific immuno-privileged sites in healthy
issues [ 212 ]. Predominantly found in the placenta for maternal–
etal immune tolerance [ 98 ], the nonpolymorphic HLA-G appears
o substitute for HLA-A, -B, and -C to protect trophoblasts
rom immune attack by T cells and NK cells, through direct
inding to the inhibitory receptors LILRB1 and LILRB2 and by
roviding a potent version of the VL9 peptide to interact with the
nhibitory NKG2A receptor (Table 1 ). HLA-G is also expressed
n cornea [ 213 ], pancreatic islets [ 214 ], and erythroid precursors
 215 ] to mediate local immune suppression. Additionally, HLA-G
s present in the thymus, where it contributes to T cell education
nd central tolerance [ 216 ]. However, the induction of HLA-G
epresents a common immune evasion strategy across a variety of
iseases, including cancers [ 217–220 ], transplantations [ 221 ], and
iral infections [ 221, 222 ]. 

LA-G exerts its immunomodulatory effects by interacting
irectly with inhibitory receptors, including KIR2DL4, LILRB1,
nd LILRB2 [ 223 ]. While these receptors show broad binding to
LA-I molecules, their affinity for HLA-G is the highest [ 223 ].
ILRB1 is found on both lymphoid and myeloid cells [ 224 ],
ILRB2 is restricted to myeloid cells [ 225 ], and KIR2DL4 is
resent on NK cells and a subset of CD8 + T cells [ 226 ]. These
ifferent expression patterns enable precise and cell-specific
mmune modulation of HLA-G in both innate and adaptive
mmune responses. Also, the VL9 peptide VMAPRTLFL derived
rom the signal sequence of HLA-G has the highest affinity of
ll VL9 peptides for HLA-E and thus affects its interactions with
KG2A/C-CD94 [ 227 ]. 

 defining characteristic of HLA-G is its generation of
even distinct isoforms via alternative splicing, comprising
edComm, 2026
four membrane-bound and three soluble forms [ 228 ].
While membrane-bound isoforms deliver inhibitory signals
locally, soluble HLA-G binds to the surface receptors on
nonadjacent target cells and gets internalized into the endosomal
compartments, enabling a more flexible, contact-independent
mode of immune regulation [ 229, 230 ]. This dual mode of action
provides the host with layered immune modulation mechanisms
fine-tuned for different physiological contexts. Only HLA-G1
and G5 possess all three heavy-chain domains ( α1, α2, α3),
enabling them to associate with β2m and peptides to form
heterotrimers, similar to classical MHC-I molecules [ 231 ]. Most
HLA-G isoforms, excluding HLA-G3, can form homodimers
[ 232 ], which enhance their affinity for inhibitory receptors
[ 233 ]. Moreover, different isoforms and structural conformations
of HLA-G exhibit distinct receptor-binding preferences [ 232 ].
Therefore, alternative splicing of HLA-G allows maximal
functional versatility with minimal genetic variability, enabling
it to mediate complex and effective immune modulation. 

Unlike the highly polymorphic classical HLA-Ia molecules, HLA-
G exhibits limited polymorphism [ 228 ], minimizing the risk of
HLA-G being recognized as foreign during maternal–fetal and
transplant tolerance. It also enables HLA-G to perform as a
uniform ligand for consistent interaction with inhibitory immune
receptors, which is crucial for stable immune suppression across
diverse individuals. In addition, the restricted polymorphism,
along with the structural features of its peptide-binding groove,
constrains the diversity of HLA-G-binding peptides [ 234, 235 ],
resembling that of HLA-E. This restricted peptide repertoire
reduces the likelihood of immunogenic peptide presentation,
preventing unintended T cell activation. 

While classical MHC-I molecules are rapidly transported to the
cell surface to present peptides to CD8 + T cells, HLA-G often
shows delayed or partial transport to the cell surface and is
preferentially retained in the ER, largely due to an efficient
ER retrieval motif in its cytoplasmic tail [ 236 ]. This limited
surface expression minimizes antigen presentation and reduces
the chance of HLA-G being recognized by cytotoxic T cells. In
addition, HLA-G is more stable on the cell surface compared with
classical MHC-I molecules [ 237 ], which is crucial for delivering
consistent inhibitory signals for immune tolerance. HLA-G can
form homodimers that are not only structurally stable with
prolonged surface retention but also bind inhibitory receptors
with higher affinity, thereby enhancing immune inhibition [ 43 ].
Moreover, HLA-G possesses a truncated cytoplasmic tail that
does not contain the tyrosine-based endocytosis motif typically
conserved in HLA-I molecules [ 236 ], contributing further to its
prolonged surface stability. HLA-G can also be incorporated
into exosomes and other extracellular vesicles [ 238 ], extending
its immunomodulatory effects systemically. Collectively, these
unique structural features and trafficking behaviors enable HLA-
G to effectively perform specialized immune-regulatory func-
tions. This is likely to be of great importance in the trophoblast,
protecting it from maternal immune attack [ 239, 240 ]. 

The immunoregulatory functions of HLA-G and its orthologs
appear to be highly conserved, reflecting strong evolutionary
pressure to maintain immune tolerance in critical physiological
contexts. In NHPs, such as Paan-AG in olive baboon and Mamu-
AG in RMs, these orthologs exhibit placental expression and
15 of 33
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upport maternal–fetal tolerance [ 241–243 ]. They share key traits
ith HLA-G, including restricted polymorphism, alternative
plicing into both membrane-bound and soluble isoforms, and
runcated cytoplasmic tails that regulate intracellular transport
athways [ 241, 243 ]. 

.2 HLA-G Is a Promising Target for 
ext-Generation Immunotherapies 

iven the immuno-inhibitory role of HLA-G, its expression is
lso induced in cancers, which contributes to tumor progression
nd is closely related to clinical outcome [ 244–246 ]. Similar to
LA-E, HLA-G and its receptors are often upregulated during
iral infection for immune escape, including HIV [ 247, 248 ],
CMV [ 249 ], herpes simplex virus (HSV)-1 [ 222 ], rabies lyssavirus

 222 ], HCV [ 250 ], HBV [ 251, 252 ], human papillomavirus [ 253 ],
nd SARS-CoV2 [ 241 ]. Therefore, HLA-G is a promising ther-
peutic target. As HLA-G exists both in membrane-bound
orm as well as soluble forms, soluble HLA-G is a poten-
ial biomarker for diagnosing various cancers and infections
 254–257 ]. 

everal features make HLA-G a highly promising target for
mmunotherapy. While classical MHC-Ia molecules are often
ownregulated in the contexts of infections or cancers, HLA-
 is often upregulated under these conditions, ensuring the
ffectiveness of HLA-G-targeting therapies. Its low genetic vari-
bility simplifies therapeutic design and increases the likelihood
f effectiveness across diverse patient populations. The coexis-
ence of membrane-bound and soluble HLA-G isoforms allows
t to modulate immune responses through both direct cell-to-
ell interactions and paracrine signaling pathways. Additionally,
LA-G acts on a wide range of immune cells, allowing for
ultilevel modulation of immune networks when targeted
herapeutically. 

urrent monoclonal antibodies targeting HLA-G are insufficient
or therapeutic use, as they fail to recognize all isoforms and often
ross-react with classical HLA-I molecules [ 212, 223 ]. The devel-
pment of isoform-specific antibodies is particularly challenging
or HLA-G, as HLA-G isoforms are generated via alternative
plicing and share overlapping extracellular domains [ 228, 258 ].
esides, it is difficult to distinguish membrane-bound HLA-G
rom soluble ones with identical extracellular domains, which
aises the risk of off-target toxicity. Moreover, the engagement of
ultiple inhibitory receptors by HLA-G limits the effectiveness of
ingle-antibody blockade strategies. Emerging platforms, such as
anobodies, bispecific antibodies, and structure-guided epitope
argeting, may help overcome these barriers [ 212 ]. A combina-
ion of different HLA-G antibodies will likely be necessary to
omprehensively inhibit all HLA-G isoforms and their recep-
or interactions. Alternative strategies, including small-molecule
nhibitors and RNA interference [ 259–261 ], are also under inves-
igation. Given the frequent coupregulation of HLA-G with other
mmune checkpoint molecules, such as PD-L1 and CTLA-4, the
linical potential of combining HLA-G-targeted strategies with
ther immune checkpoint inhibitors is currently under active
nvestigation [ 212 ]. In addition, as HLA-E and HLA-G cooperate
o inhibit NK cells and a subset of T cells, combinatorial therapies
argeting both HLA-E and HLA-G may offer enhanced efficacy
6 of 33
in overcoming immune suppression and restoring antitumor or
antiviral immunity. 

While most HLA-G-targeting therapies focused on the develop-
ment of specific blocking antibodies (Table 2 ), their development
is challenged by the limited understanding of the complex
spatial interactions between HLA-G and its ligands [ 212 ]. Further-
more, these neutralizing antibodies might not effectively block
soluble HLA-G isoforms. Cell-based strategies targeting HLA-
G-expressing abnormal cells might be an alternative approach.
However, careful evaluation is required to determine whether
such interventions could disrupt immune tolerance, especially
at the maternal–fetal interface. In addition, while HLA-G is
theoretically a good target for combinational therapy with exist-
ing ICBs, the efficacy and safety of these methods require
further investigation. Overall, therapeutic targeting of HLA-G
will require a deeper understanding of its isoform-specific func-
tions and receptor interactions, together with carefully designed
strategies to maximize antitumor or antiviral immunity without
compromising immune tolerance. 

6 CD1 

6.1 CD1 is Evolutionarily Optimized for Lipid 

Presentation 

CD1 represents a group of nonclassical MHC-I molecules, whose
major role is involved in presenting lipid antigens to T cells
[ 262 ] (Figure 4 and Table 1 ). While CD1 is structurally similar
to MHC-I molecules, consisting of three extracellular domains
that associate with β2m, its antigen binding groove is deeper and
more hydrophobic, specialized in presenting lipid antigens rather
than peptide antigens [ 263 ]. CD1 displays limited polymorphism,
comprising five isoforms, each with distinct trafficking patterns,
structural features, and antigen specificities [ 264 ]. Group 1 CD1
isoforms (CD1a, CD1b, and CD1c) are expressed mostly on thymo-
cytes and specialized APCs, where they help shape the repertoire
of lipid-reactive T cells during thymic development while limiting
widespread lipid autoreactivity [ 265, 266 ]. In contrast, the Group
2 CD1d molecule is broadly expressed, as it mediates systemic
immune regulation through NKT cells [ 267 ]. CD1e mainly stays
intracellularly and does not directly present lipid antigens for T
cell recognition [ 268, 269 ]. 

Following arrival at the cell surface, CD1 molecules undergo
endocytosis and are transported into the endosomal network,
where they acquire lipid antigens for presentation [ 270 ]. The
postinternalization trafficking routes are primarily determined by
the cytoplasmic tail sequences, which differ among CD1 isoforms
[ 271 ]. CD1a is predominantly localized at the plasma membrane,
where it can readily capture extracellular lipids, enabling rapid
antigen presentation [ 272 ]. However, a minor subset traffics to
early endosomes and then recycles back to the surface through
a shallow endocytic pathway [ 273 ]. In contrast, CD1b transiently
passes through early endosomes before accumulating in late
endosomes and lysosomes, a process facilitated by the adaptor
proteins AP-2 and AP-3 [ 274 ]. CD1c and CD1d primarily traffic
through the early and late endosomal compartments through
an AP-2-dependent mechanism [ 275 ]. Extracellular lipids bind
to different lipid-binding proteins that direct them to distinct
MedComm, 2026
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ndosomal compartments for antigen loading [ 276 ]. Therefore,
he adaptation of CD1 isoforms to specialize in surveying different
ompartments broadens the spectrum of lipid antigens available
or presentation. 

n contrast to other CD1 molecules, CD1e exhibits an intracellular
ocalization and does not function as a direct antigen-presenting
olecule [ 268 ]. Instead, it participates in the processing of
omplex antigens and facilitates lipid loading and exchange
or other CD1 proteins [ 276–278 ]. In immature dendritic cells,
D1e accumulates in the Golgi apparatus and is subsequently
ransported to lysosomes upon DC maturation [ 268, 269 ]. This
nique trafficking pattern of CD1e contributes an additional
echanism for antigen processing, thereby enhancing the overall
apacity of the CD1 system to present lipid antigens. 

nlike the peptide binding groove of other MHC-I molecules,
he antigen binding groove of CD1 is enriched with hydrophobic
esidues that enable the incorporation of lipid antigens [ 279 ].
his structural adaptation reflects their specialized role in lipid
ntigen presentation. Furthermore, different CD1 isoforms have
volved slightly distinct groove architectures, which serve as a
olecular ruler to accommodate different lipid classes [ 280 ],
hereby expanding the repertoire of lipids that can be presented
o the immune system. CD1b possesses a large antigen-binding
roove composed of four pockets (A ′ , F ′ , C ′ , and T ′ ), allowing it
o bind long lipids, with chain lengths reaching up to C80 [ 281 ].
hile CD1a/c/d both contain two key pockets (A ′ and F ′ ) opti-
ized for C36-42 lipids [ 282–284 ], variation in pocket shape and
nterconnectedness enables isoform-specific lipid loading. CD1e
xhibits a wide binding groove that facilitates rapid lipid exchange
 285 ]. Together, these isoform-specific structural features of CD1’s
ntigen-binding groove enable efficient presentation of a wide
ange of lipid peptides in a well-controlled way. 

hile the relatively open conformation of CD1a enables lipid
oading at neutral pH on the cell surface [ 284 ], other CD1 isoforms
equire exposure to acidic endosomal environments that induce
artial structural relaxation, facilitating lipid access to their
inding clefts [ 286, 287 ]. CD1e displays notable stability under
cidic conditions, a property that might be crucial for its role
n promoting lipid exchange or editing [ 288 ]. While the precise
echanism remains uncertain, CD1e likely functions similarly to
LA-DM [ 278 ], which facilitates HLA-II peptide loading within
ndosomes in a pH-dependent manner, though HLA-DM does
ot bind to ligands. In addition, acidic environments activate
arious acid-dependent proteases, such as cathepsins, which
leave prosaposin to generate active lipid transfer proteins [ 289,
90 ]. Together, these pH-dependent strategies allow for lipid
ntigens to be presented with temporal and spatial precision. 

D1 genes are universally present in all mammalian species,
hough isoform composition varies across species, indicating
heir essential role in immune function and evolutionary conser-
ation under selective pressure [ 291 ]. Among primates, Group 1
D1 proteins are well conserved, as rhesus homologs preserve
ey residues and motifs and can be recognized by correspond-
ng human CD1 isoform-specific antibodies [ 292, 293 ]. Besides,
hesus CD1 can also present pathogen-derived lipids for recog-
ition of human CD1-restricted T cells. These findings highlight
he crucial role of CD1-mediated lipid antigen presentation in
edComm, 2026
immune defense and validate NHP models as physiologically
relevant systems for studying CD1 biology and developing clinical
applications. 

6.2 CD1 is a Promising Target for 
Next-Generation Immunotherapies 

CD1d-restricted NKT cells provide defense against diverse bac-
terial pathogens, including Streptococcus pneumoniae [ 294, 295 ],
Borrelia burgdorferi [ 296, 297 ], S.typhi [ 298 ], and Sphingomonas
capsulata [ 299 ]. They also contribute to controlling viral infec-
tions, such as EBV [ 300 ], influenza A virus [ 301 ], HSV [ 302 ], CMV
[ 303 ], HBV [ 304 ], respiratory syncytical virus [ 305 ], and SIV [ 306 ].
Beyond infectious diseases, NKT cells exhibit potent antitumor
activity [ 307–309 ]. Given their broad-spectrum antimicrobial and
antitumor effects, CD1d-restricted NKT cells, despite constituting
a minor leukocyte population, represent promising therapeutic
targets, particularly for vaccine development. 

Functional studies on Group 1 CD1 molecules remain limited
compared with CD1d due to their absence in laboratory mice,
despite the development of the transgenic mouse model [ 310 ].
Their protective role is best characterized in Mtb infection, where
CD1a–c present mycobacterial antigens to mediate protective
immune responses [ 310–313 ]. Emerging evidence suggests these
molecules also contribute to defense against Staphylococcus
infection [ 314 ] and tumor surveillance [ 315 ], though their roles
in other pathogens require further investigation. 

CD1 molecules present several compelling advantages that make
them attractive targets for therapeutic development. First, unlike
classical MHC molecules, CD1 exhibits minimal polymorphism
and presents highly conserved lipid antigens [ 264 ], making
it a promising candidate for universal vaccine development
across genetically diverse populations. The distinct structural and
functional features of CD1 isoforms enable broad recognition of
pathogen-derived lipid antigens [ 267, 270, 280 ], thereby expand-
ing the landscape of targetable antigens beyond peptide-based
immune surveillance. Unlike peptide antigens, lipid antigens
bypass complex processing requirements, allowing for more rapid
and direct antigen presentation [ 272 ]. Moreover, CD1 surface
expression is frequently upregulated in response to infection
[ 316, 317 ], enhancing target availability for immune recognition,
though certain viruses have evolved mechanisms to downregulate
CD1 expression and evade immune detection [ 318–321 ]. 

Beyond infectious diseases, CD1 also presents self-lipids enriched
in certain cancers, including leukemia [ 315 ], multiple myeloma
[ 322 ], and ovarian cancer [ 323 ], with CD1-restricted T cells
demonstrating protective antitumor effects. This highlights the
potential of CD1-based approaches in cancer immunotherapy,
especially in contexts where immunogenic peptide antigens
are limited. The dual functionality of CD1-restricted immunity
is particularly valuable: Group 1 CD1 elicits adaptive T cell
responses similar to MHC-mediated immunity [ 310 ], while CD1d-
restricted iNKT cells bridge innate and adaptive immune defenses
[ 324 ]. In cancer, the NKT cells engage CD1d in two major
contexts. First, NKT cells can directly recognize and kill CD1d-
expressing tumor cells [ 322 ]. Second, CD1d is also expressed on
immunosuppressive cells, such as tumor-associated macrophages
17 of 33
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TAMs) and myeloid-derived suppressor cells [ 309, 325 ], which
nables NKT cells to recognize these populations to remodel
he TME. These properties position CD1-targeted therapies as
ersatile immunological tools capable of eliciting broad and
ffective immune responses against a wide array of infectious and
alignant diseases. 

KT cells are also closely linked to the pathogenesis of autoim-
une diseases, exhibiting both immunoregulatory and proin-
lammatory functions. Their involvement has been reported in
ystemic lupus erythematosus (SLE), rheumatoid arthritis (RA),
utoimmune hepatitis (AIH), multiple sclerosis (MS), Type 1 dia-
etes (T1D), and experimental autoimmune encephalomyelitis
 326, 327 ]. Preclinical studies exploring the therapeutic potential
f NKT cells in autoimmune diseases have yielded promising
esults [ 328 ], though further research into the immunoregulatory
echanisms of NKT cells and the translational potential of
KT-based therapies from murine models to human diseases is
equired. 

n addition, CD1a has a distinctive role in cutaneous and
arrier immunity. Expressed abundantly on Langerhans cells
 329 ], CD1a presents self and foreign lipid antigens within the
kin microenvironment [ 330 ], making it uniquely positioned
o sense barrier perturbations and essential for host-pathogen
efenses [ 331 ]. CD1a-reactive T cells are enriched in the skin,
hich can produce a diverse range of cytokines, contributing to
ost defenses as well as cutaneous inflammation under certain
ircumstances [ 329, 330, 332, 333 ]. Lipid-modifying enzymes,
specially phospholipase A2, generate a range of lipid antigens,
hich are essential for the activation and expansion of CD1a-
utoreactive T cells and are hallmarks of chronic inflammation
 334 ]. These findings underscore the potential of CD1a as a
ritical therapeutic target for a broad range of inflammatory skin
iseases. 

iven the specialized antigen repertoire of CD1 molecules,
dministration of lipid antigens offers a direct approach to selec-
ively modulate CD1-restricted immune responses. Activation of
NKT cells using α-galactosylceramide ( α-GalCer) and its analogs
as shown efficacy in suppressing solid tumor growth and
ontrolling chronic viral infections in preclinical models [ 335–
39 ], and several clinical trials are currently underway to evaluate
he therapeutic potential of these agonists in patients (Table 2 ).
he deep hydrophobic antigen-binding groove of CD1d has been
ctively exploited to design synthetic lipid ligands with tailored
mmunological effects [ 338, 340 ]. Structure–activity relationship
tudies of α-GalCer have enabled precise modification of lipid
ails and head groups to better complement the CD1d groove,
ielding derivatives with enhanced binding stability and biased
ytokine production [ 341 ]. However, while such cargo-based
trategies allow for precise immune tuning, it is challenging in
ractice due to the complexity and relatively limited understand-
ng of lipid metabolism and trafficking. Indirect strategies aimed
t modulating lipid biosynthesis, processing, or intracellular
rafficking pathways may also reshape the CD1 antigen repertoire,
ut these approaches may cause broad and unintended metabolic
ffects. 

eyond antigen manipulation, CD1-expressing cells themselves
ay be targeted using monoclonal antibodies or engineered
8 of 33
cell-based therapies [ 323, 342–345 ], which have demonstrated
encouraging results in preclinical studies, particularly in enhanc-
ing antitumor immunity and combating intracellular pathogens.
Nevertheless, the broad expression of CD1 molecules raises
concerns about disrupting immune homeostasis, and the devel-
opment of lipid antigen-specific antibodies remains technically
challenging. Overall, while CD1 molecules offer a promising
platform for immunotherapy through cargo manipulation, recep-
tor engagement, and cellular targeting, the inherent complexity
of lipid antigen biology and the risk of perturbing immune
equilibrium remain major challenges that must be addressed to
enable safe and effective clinical translation. 

7 MR1 

7.1 MR1 is Evolutionarily Conserved for the 
Presentation of Metabolite-Derived Ligands 

The MHC-I-related molecule MR1 is specialized in presenting
microbial riboflavin (vitamin B) metabolites and related small
molecules to MAIT cells [ 346, 347 ] (Figure 4 ). In contrast to
MAIT cells, a less abundant subset of MR1-restricted T (MR1T)
cells recognizes self-antigens in an MR1-dependent manner [ 348 ]
(Table 1 ). Unlike highly polymorphic classical MHC molecules,
MR1 is nearly monomorphic across human populations, under-
scoring its evolutionary conserved role in microbial immune
surveillance [ 349 ]. Although the MR1 protein is ubiquitously
expressed across most cell types, it is predominantly retained
intracellularly, and its surface expression is tightly regulated
by ligand binding [ 350 ]. Thus, MR1 is particularly enriched
at mucosal surfaces, where it captures riboflavin biosynthetic
intermediates derived from bacteria and fungi [ 351, 352 ]. 

Structurally, the antigen binding groove of MR1 is narrow and
hydrophobic, partially occluded by bulky aromatic residues, mak-
ing it well suited to accommodate small-molecule ligands [ 353 ].
The A ′ pocket is enriched in basic residues that facilitate Schiff
base formation with the ligand, a covalent interaction that stabi-
lizes MR1, promotes proper folding, and enables translocation to
the cell surface [ 354 ]. Furthermore, this binding cavity exhibits
conformational plasticity, allowing its binding to a structurally
diverse range of ligands [ 353 ]. These unique structural character-
istics collectively enable MR1 to function as a specialized sensor
of microbial-derived metabolites and an efficient presenter of
nonpeptide antigens to MAIT cells. 

MR1 undergoes spontaneous alternative splicing, generating mul-
tiple isoforms with distinct structural and functional properties
[ 351 ]. While most studies to date have focused on the full-
length MR1A isoform, the functions of other truncated versions
lacking the α3 domain are not well characterized [ 355 ]. It
was reported that MR1B could present ligands at the plasma
membrane and activate MAIT cells in vitro, functioning as
homodimers independent of β2m association [ 351 ]. MR1B can
also modulate the strength of MAIT cell responses elicited by
MR1A [ 356, 357 ]. MR1C is predicted to be soluble, though its
function remains poorly defined [ 357 ]. These findings suggest that
MR1 isoforms possess distinct features and may work in concert to
precisely regulate MAIT cell activity in a manner reminiscent of
HLA-G [ 229 ]. 
MedComm, 2026



T  

o  

a  

a  

l  

i  

[  

o  

i  

A  

m  

r  

m  

s  

p  

m

W  

i  

m  

p  

p  

b  

M  

t  

l  

I  

m  

a  

t  

a  

p  

i

M  

M  

a  

d  

w  

i  

m  

a  

w  

o  

[  

M  

c  

s  

b  

i

7
N

T  

c  

U  

m  

h  

d  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M

he intracellular trafficking dynamics of MR1 resemble those
f MHC-E. MR1 surface expression is low due to ER retention
nd intrinsic surface instability [ 356, 358, 359 ], which is largely
ttributed to the limited availability of MR1 ligands [ 360 ]. Upon
igand binding, either through exogenous addition or microbial
nfection, MR1 exhibits increased surface stability and expression
 123, 347, 356 ]. Unlike classical MHC-I molecules, the α3 domain
f MR1 only interacts weakly with β2m [ 361 ], and ligand loading
s a prerequisite for effective refolding and β2m association [ 356 ].
dditionally, MR1 possesses a tyrosine-based internalization
otif, which can be recognized by AP-2, contributing to its
apid turnover via clathrin-mediated endocytosis [ 362 ]. These
echanisms ensure that only ligand-loaded MR1 reaches the
urface, allowing microbial vitamin B-derived antigens to be
resented in a timely and precisely regulated manner while
inimizing the risk of unintended MAIT cell activation. 

hile the ER serves as the primary site of MR1 antigen load-
ng, additional pathways have been identified [ 363, 364 ]. MR1
olecules can undergo ligand exchange within endosomal com-
artments, and those that acquire ligands through endocytosis,
hagocytosis, or autophagy can subsequently be transported
ack to the cell surface [ 363 ]. This process may be similar to
HC-II molecules, as CD74 and HLA-DM have been shown
o interact with MR1 and modulate its endosomal routing and
igand exchange, thereby influencing MAIT cell activation [ 365 ].
n some cases, soluble ligands can bind MR1 directly at the plasma
embrane, either by displacing prebound ligands or engaging
 minor pool of ligand-free MR1 molecules [ 356, 366 ], though
his appears to be a relatively inefficient mechanism. These
lternative antigen-loading routes expand the range of MR1-
resented ligands and potentially reduce the chances of microbial
mmune evasion. 

R1 is one of the most evolutionarily conserved members of the
HC family, with the human and mouse MR1 proteins sharing
pproximately 90% sequence homology within the α1 and α2
omains [ 367 ]. This high degree of conservation, particularly
ithin the antigen-presenting interface, reflects the essential and
nvariant nature of MR1’s immunological functions. Indeed, both
ouse and human MAIT cells can recognize MR1 molecules
cross species [ 368 ], demonstrating significant cross-reactivity
ith mammalian MR1 orthologs. Moreover, alternative splicing
f MR1 has been observed in NHPs and other mammal species
 357, 369 ], indicating that the structural and regulatory features of
R1 are preserved throughout evolution. The strong evolutionary
onservation of MR1 suggests that it has evolved under purifying
election, likely due to its specialized role in recognizing a narrow
ut critical set of microbial-derived vitamin B metabolites that are
ndispensable for microbial survival. 

.2 MR1 is a Promising Target for 
ext-Generation Immunotherapies 

he MR1–MAIT axis offers several unique advantages over the
onventional MHC-I–CD8 + T cell pathway in immunotherapy.
nlike classical MHC-I molecules, MR1 is monomorphic [ 349 ],
aking MR1-targeted therapies universally applicable across the
uman population. This broad compatibility simplifies therapy
esign, lowers manufacturing cost, and enhances translational
edComm, 2026
potential. Furthermore, MR1 is highly conserved across mam-
malian species [ 357, 367–369 ], facilitating preclinical validation
in multiple animal models. Under steady-state conditions, MR1
is predominantly retained in intracellular compartments [ 356,
358, 359 ], forming a reservoir that can be rapidly mobilized to
the cell surface upon microbial infection. This tightly regulated
trafficking minimizes off-target activation while enabling rapid
antigen presentation in response to infection. 

MAIT cells are prearmed with proinflammatory cytotoxic gran-
ules and cytokines, and upon activation, they markedly upreg-
ulate cytotoxic granule components, enabling an immediate
effector response [ 370 ]. They are also enriched at mucosal
surfaces [ 351, 352 ], positioning them at the frontline of host
defense. Moreover, MAIT cells express several NK-activating
receptors [ 371 ], suggesting that they may exert rapid cytotoxic
effects through TCR-independent pathways, potentially extend-
ing their activity to tumors with low or absent MR1 expression.
These features collectively support rapid and localized immune
responses within hours of microbial encounter—an advantage
over conventional CD8 + T cells, which require clonal expansion
and differentiation. 

A key immunological advantage of MAIT cells lies in their
unique recognition of microbial riboflavin metabolites, which are
evolutionarily conserved among a wide range of bacteria and
fungi. This reduces the risk of immune escape and allows for
broad-spectrum targeting of diverse pathogens using a single
ligand-based approach. Moreover, since these microbial ligands
are absent in host cells, the risk of off-target cytotoxicity or
autoimmunity is low. Unlike peptide antigens that require com-
plex intracellular processing and MHC-I loading, MR1 directly
presents small-molecule ligands, enabling faster and more effi-
cient antigen presentation. From a therapeutic perspective, these
ligands are generally easier to synthesize and modify than
peptides, though further research is needed to identify potent
and stable MR1 ligands optimized for clinical application [ 372 ]
(Table 2 ). 

MR1 presents riboflavin metabolite derivatives to MAIT cells,
enabling the recognition and immune control of a broad range
of bacterial pathogens. In murine models, MR1-restricted MAIT
cells play a crucial role in controlling infections such as Mtb,
Francisella tularensis, and Klebsiella pneumoniae, with MR1
deficiency resulting in impaired bacterial clearance and increased
susceptibility to infection [ 373, 374 ]. In humans, MAIT cells are
activated during infections with Mtb, Shigella dysenteriae, and
Vibrio cholerae, and their depletion or functional impairment
has been associated with more severe disease outcomes and
compromised mucosal immunity [ 373, 375, 376 ]. These findings
collectively underscore the critical role of MR1 in shaping early
antibacterial immune responses through MAIT cell activation. 

Recent studies have also highlighted the important role of MAIT
cells in cancer, though this area remains largely unexplored [ 377,
378 ]. Similar to NKT cells, MAIT cells can be engineered to target
TAMs and modulate the immunosuppressive TME [ 379, 380 ].
However, MAIT cells have also been reported to exhibit tumor-
promoting functions in some contexts [ 381 ], indicating that their
role in cancer is complex and requires further investigation.
Besides, MAIT cells also contribute to various autoimmune
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iseases, including SLE, MS, T1D, AIH, RA, inflammatory bowel
isease, ulcerative colitis, and autoimmune liver diseases [ 382–
84 ]. Given the limited understanding of the precise roles of
AIT in these diseases and that the results of some studies are
onflicting, more research into their functions is required for
urther exploration of potential translational values [ 385, 386 ]. 

eripheral blood MAIT cell levels could serve as biomarkers
or disease progression and immune reconstitution, as they
ecline in active TB patients but rebound following therapy [ 387 ].
oreover, MR1 ligands can act as adjuvants to enhance immune
esponses against bacterial infection [ 388 ]. Notably, this adjuvant
unction could be extended to viral vaccines, though viruses
re devoid of the riboflavin biosynthesis machinery [ 389 ]. Early
ctivation of MAIT cells is crucial for eliciting effective adaptive
mmune responses following antiviral vaccination [ 390, 391 ].
part from MAIT cells, MR1T cells can recognize self-antigens
resented by tumor cells. Recently, MR1T cells have shown
romise in pan-cancer recognition [ 392, 393 ], though this remains
isputed and requires further validation [ 394 ]. Engineered MR1T
ells exhibit potent tumor-killing activity in vitro, capable of
ecognizing MR1-expressing cancers across diverse donors [ 395 ].
hese findings highlight the therapeutic potential of MR1T cells
s a universal strategy for cancer immunotherapy. 

he unique metabolite antigen repertoire of MR1 makes cargo-
ased strategies especially attractive. As MR1 surface expression
equires ligand loading, direct administration of MR1 agonists
ould modulate MR1 surface level and potentially activate MAIT
 

IGURE 5 Advantages of nonclassical MHC-I molecules for next-gene
eatures that make them attractive for innovative immunotherapeutic strateg
olymorphism, enabling broader population coverage, facilitating universal
iverse antigen types, including peptides, lipids, and metabolites, and adopt 
argeting. Their expression is often stable or upregulated in disease settings, ma
urthermore, nonclassical MHC-I molecules engage a wide range of immun
mmune modulation. 

0 of 33
cells or other MR1-restricted T cells. Although small-molecule
ligands are generally cheaper and easier to manufacture than
peptide ligands, their therapeutic application to MR1, which loads
peptides intracellularly, requires efficient cell permeability and
precise access to intracellular compartments while minimizing
off-target effects and potential toxicity [ 372 ]. Monoclonal antibod-
ies are conceptually appealing, but it is technically challenging to
generate high-affinity antibodies that specifically recognize MR1
loaded with tumor/pathogen-specific ligands. MR1-restricted T
cells raise the possibility of a universal antitumor therapy, since
MR1 is almost monomorphic across humans and some MR1T
clones have broad tumor recognition [ 392, 393 ]. However, this
promise is currently limited by the incomplete understanding of
the tumor-associated MR1 ligands. Therefore, successful clinical
translation of MR1-targeted therapies will require systematic
identification and characterization of tumor-derived MR1 ligands
as well as the development and safety profiling of MR1-targeted
reagents. 

8 Conclusions and Future Perspectives 

Nonclassical MHC-I molecules represent a promising frontier
in immunotherapy, offering distinct advantages over their clas-
sical counterparts (Figure 5 ). These molecules exhibit limited
polymorphism, unique trafficking behaviors, specialized antigen-
presentation capabilities, and dual engagement of innate and
adaptive immune cells. These features position them as versatile
targets for overcoming the critical limitations of current therapies
ration immunotherapy. Nonclassical MHC-I molecules exhibit several 
ies. Compared with classical MHC-I molecules, they show low genetic 
 therapy design, and reducing the risk of alloreactivity. They present 
unconventional pathways, expanding the scope of pathogen and tumor 
king them less susceptible to immune evasion via MHC downregulation. 
e cells, offering functional plasticity and novel avenues for fine-tuned 
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ependent on classical MHC-I molecules, particularly MHC-I
ownregulation in malignancies and the restricted population
overage imposed by MHC polymorphism. From unconventional
ntigen presentation to precise immune modulation, nonclas-
ical MHC-I molecules provide novel therapeutic opportunities
gainst cancers, infections, and immune-mediated diseases. 

LA-E is clinically tractable with monoclonal antibodies that
lock the HLA-E–NKG2A axis (e.g., monalizumab), and early-
hase clinical trials have shown the efficacy of this strategy
cross several tumors [ 396, 397 ] (Table 2 ). In addition, vaccines
esigned to elicit HLA-E-restricted CD8 + T cell responses repre-
ent another promising avenue. Although human vaccine trials
emain at an early stage, strong preclinical evidence demonstrates
hat induction of MHC-E-restricted CD8 + T cells offers robust
rotection in NHP models [ 157, 159, 160 ]. The biology and
ranslational potential of HLA-F remain largely unexplored, but
merging studies suggest that antibody-based approaches target-
ng the HLA-F–KIR3DS1 axis are a promising therapeutic strategy
 208 ]. While numerous HLA-G-targeting therapies have been
roposed, antibodies directed against HLA-G or its inhibitory
eceptor LILRB1, either as monotherapies or in combination
ith existing ICBs, are currently the most actively investigated
pproaches in clinical development [ 212 ]. In parallel, HLA-G has
een established as a clinically relevant biomarker with predictive
alue for therapeutic response and cancer prognosis [ 244–246 ].
D1 is most tractable via cellular therapies that exploit its unique
apability to present lipid antigens to NKT cells. Cargo-based
pproaches and iNKT-based strategies have shown encouraging
esults in clinical studies [ 335–339, 398 ]. Small-molecule ligands
re currently the most attractive MR1-targeting strategies, as
uch small-molecule ligands are typically cheaper and simpler to
roduce than peptide ligands [ 372 ]. 

eyond their potential as stand-alone treatments, therapies
argeting nonclassical MHC-I molecules offer opportunities to
omplement and enhance existing immunotherapeutic strate-
ies. Nonclassical MHC-I pathways, such as HLA-E/NKG2A
nd HLA-G/LILRB1, operate in parallel with classical immune
heckpoints and are frequently coupregulated with classical
mmune checkpoints, like PD-L1, in tumor cells [ 93, 399, 400 ],
reating complementary inhibitory networks that suppress both
K and T cell function. Consequently, blockade of a single
heckpoint may be insufficient to fully restore the antitumor
mmunity, providing a strong rationale for combinatorial immune
heckpoint inhibition strategies [ 181, 401 ]. However, simulta-
eous targeting of multiple inhibitory axes may increase the
isk of autoimmunity, so the potential adverse effects should be
arefully examined. At the same time, antagonistic interactions
ust be considered. For example, vaccines that elicit robust
LA-E-restricted T cell responses may upregulate HLA-E surface
xpression and reinforce NK inhibition [ 121, 124, 175 ], diminishing
he efficacy of NK-cell-based therapies. 

everal challenges must be addressed to realize the clinical poten-
ial of nonclassical MHC-I molecules. Many fundamental aspects
f their biology remain incompletely understood, including
igand processing dynamics, receptor interaction networks, and
ontext-dependent regulation. Moreover, improving the delivery
f therapeutic agents has emerged as a critical strategy to over-
ome these obstacles, and methods like hydrogels, nanoparticles,
edComm, 2026
and biomaterial scaffolds are being actively developed to improve
immunotherapy efficacy and reduce toxicity by enhancing tar-
geted delivery and controlled release of immunotherapeutic
agents [ 396, 402 ]. Future research should prioritize the discov-
ery of novel ligands, structure–function analyses of receptor
interactions, and the development of isoform-specific modula-
tors. Combinatorial therapies that integrate nonclassical MHC-
targeting approaches with established immunotherapies, such as
ICB or CAR-T cell therapy, may offer synergistic benefits and help
overcome current therapeutic resistance. Collaborative efforts
integrating fundamental immunology, computational biology,
and clinical research will be critical to unlocking the full potential
of these molecules and developing safer, broader, and more
effective immunotherapies. 

Although the limited polymorphism of nonclassical MHC-I
molecules represents a clear advantage, this alone does not guar-
antee that therapies targeting these molecules will be universally
applicable. For HLA-E, functional differences between the two
common alleles (01:01 and 01:03) in surface stability and peptide
repertoire may influence therapeutic efficacy [ 116, 403–405 ],
particularly for strategies relying on HLA-E–peptide complexes.
HLA-G and HLA-F display context-specific expression patterns
and functional effects [ 195, 406 ]. CD1a–e are expressed in an
isoform- and tissue-dependent manner, and their levels can
change during immune activation or inflammation [ 407 ]. MR1
surface expression is tightly regulated and inducible by specific
ligands and inflammatory signals [ 354, 408 ]. 

Finally, while we have highlighted the advantages of targeting
nonclassical MHC-I molecules for immunotherapy, these benefits
are accompanied by challenges that require careful consideration.
The conserved nature of nonclassical MHC-I molecules may
impose strong and uniform selective pressure on pathogens or
tumors, potentially facilitating the emergence of immune escape
mechanisms that circumvent these pathways more rapidly than
would occur for highly polymorphic classical MHC-I targets.
However, the absence of such T cell responses before initiating
therapy could mean that there is no pre-existing escape, offering
an advantage, which could be enhanced by focusing on several
epitopes at the same time. Furthermore, nonclassical MHC-I
molecules that function at the interface of innate and adaptive
immunity, could enable coordinated advantageous modulation
of both arms of the immune system. However, their modulation
might also result in broad immune reprogramming, so thor-
ough evaluation of potential side effects is required. Because
nonclassical MHC-I molecules engage multiple receptors and
simultaneously influence different immune cell types (Table 1 ),
therapeutic targeting could induce multilevel modulation that
might be difficult to balance precisely. Moreover, as these
molecules play key roles in maintaining immune homeostasis,
particularly at mucosal sites where they are highly expressed,
therapeutic interventions must be carefully balanced to elicit
effective immune responses without disrupting immune toler-
ance. In addition, many strategies targeting nonclassical MHC-I
molecules also affect classical MHC-I responses due to shared
mechanisms such as antigen trimming and loading. All of these
factors, if recognized should be manageable so that a precise
and critical balance between classical and nonclassical MHC-
mediated immune responses will lead to the safe and effective
clinical translation of these therapeutic approaches. 
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