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Inborn errors of immunity affecting the major histocompatibility complex (MHC) class | pathway for antigen presentation
represent a rare group of human disease syndromes. Here, we review symptoms associated with such conditions, which
manifest as chronic respiratory infections, granulomatous skin lesions, and related severe symptoms. We highlight the
potential for misdiagnosis with autoimmune conditions such as granulomatosis with polyangiitis and emphasize the necessity
of infection-focused treatment, given the risks associated with immunosuppressive therapy. Furthermore, we present novel
long-term follow-up data on TAP-deficient patients, revealing new insights into disease progression, including an increased
risk of skin cancer and severe herpesvirus infections. Additionally, we discuss cases of a few individuals with significant MHC
class I deficiency who remain largely asymptomatic, underscoring the variability in clinical presentation. Our findings emphasize

the importance of further genetic research and immunopathological analysis to identify predictive markers and optimize
individualized treatment approaches. Long-term patient surveillance remains critical to understanding late-onset

complications and refining clinical management strategies.

Introduction

The immune system constitutes an intricate network of cells and
soluble factors, crucial for defending the body against a wide
range of pathogenic threats including viruses, bacteria, para-
sites, and fungi, as well as malignant cells. Central to this defense
is the process of antigen recognition, which enables immune
cells to recognize and distinguish most often harmless “self”
antigens from potentially harmful “non-self” antigens.

The major histocompatibility complex (MHC) class I pathway
for antigen processing plays a pivotal role in this process by
continuously displaying fractions of degraded intracellular
proteins on cell surface-bound MHC class I molecules (1, 2, 3, 4).
The latter are continuously scrutinized by cytotoxic CD8* T cells
(5). In parallel, natural killer (NK) cells (6) monitor cells that
have lost the expression of MHC class I molecules (7, 8), the
latter referred to as “missing self” recognition (9). Together,
these two systems cooperate in a surveillance mechanism that
continuously serves to detect and eliminate aberrant cells in the
normal body.

Importantly, the expression of MHC class I molecules is also
essential for the development of CD8* T cells (10) and for the
maintenance of full functionality of NK cells (11, 12, 13). In the
absence of MHC class I molecules, the selection of CD8* T cells in
the thymus is largely impaired, resulting in low numbers of

naive CD8* T cells in the periphery (14, 15, 16). In contrast, NK
cells undergo normal development in the absence of MHC class I
molecules but become functionally impaired and lose the ability
to recognize the absence of self-MHC class I (11, 12, 13, 17, 18).

Inborn errors of immunity (IEI)

IEI are a large group of genetically inherited disorders that affect
various components of the immune system (19, 20). These dis-
orders result from mutations in genes essential for immune cell
development, function, or signaling pathways, leading to im-
mune dysregulation. They include, but are not limited to,
increased susceptibility to infections, inflammatory pro-
cesses, lymphoproliferative disorders, autoimmune diseases,
or predispositions for various malignant diseases. In recent
decades, research into IEI has not only deepened our under-
standing of associated conditions but has also, importantly,
provided deeper insights into immunological processes and
function of the human immune system (19, 20).

IEI affecting the MHC class | expression

One category of IEI, previously referred to as bare lymphocyte
syndrome type 1, affects MHC class I expression (21, 22, 23).
According to the most recent international update on human IEI,
MHC class I deficiency can result from mutations in the genes
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Figure 1. Genetic map of the MHC region. Overview of the human MHC, also known as the HLA system. Located on chromosome 6p21.3, the MHC is a
densely packed, highly polymorphic genomic region encompassing >200 genes. Among these are the classical class I and class Il loci, which encode cell surface
proteins crucial for antigen processing, presentation, and immune recognition by T cells and NK cells. The figure is simplified to highlight the spatial orga-
nization of key genes within the MHC, including those that encode proteins essential for MHC class |-mediated antigen presentation, such as the TAP peptide
transporters and the peptide-loading complex component tapasin. Their close genomic proximity suggests coordinated regulation, reflecting evolutionary
pressures to maintain robust antigen presentation and overall immune homeostasis. Additionally, the figure indicates the location of the f,m gene on
chromosome 15g21.1, which is vital for proper MHC class | assembly and expression. Genes discussed in the present review associated with loss of MHC class |

expression are marked with a cross (X).

encoding the transporter associated with antigen processing
1 and/or 2 (TAPI and/or 2) as well as genes encoding the TAP-
binding protein/tapasin (TAPBP) and B,-microglobulin (8,m)
(24, 25) (Fig. 1). Together, these conditions represent an ultra-
rare category of IEI (22, 23, 26), with fewer than 50-100 cases of
MHC class I deficiencies (all genetic causes combined) docu-
mented. Publicly available population-genetics resources (e.g.,
gnomAD, Human Gene Mutation Database, and ClinVar) con-
firm that true loss-of-function (LOF) alleles in TAPI, TAP2,
TAPBP, or 3,m, especially in the homozygous state, are exceed-
ingly rare. Consequently, diseases caused by biallelic LOF
mutations in these genes are extremely uncommon, with an
estimated prevalence on the order of <1 per 1,000,000. No larger
population study has provided new, more precise prevalence
figures. Thus, most sources continue to describe these disorders
in terms of case reports rather than broad epidemiological data.

In this article, we present new insights into the clinical
manifestations of these very unusual disorders, focusing pri-
marily on defects in the TAPI and TAP2 genes, since these are
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relatively more frequent than those affecting S,m or TAPBP
genes. However, before examining these conditions, we first
review the principles of MHC class I-mediated antigen pro-
cessing and presentation. A solid grasp of this mechanism is
essential for understanding how disruptions in any component
of the pathway can prevent stable peptide loading onto MHC
class I molecules, and, consequently, their expression at the cell
surface.

MHC class | pathway for antigen processing and presentation

The MHC class I pathway for antigen processing and presenta-
tion is responsible for displaying peptides derived from intra-
cellular proteins on the surface of all nucleated cells (Fig. 2). This
allows the immune system to constantly survey patterns of the
host proteome and its potential modifications. The MHC class I
antigen processing and presentation pathway is well charac-
terized (3, 4). Briefly, the process begins with the degradation of
samples of intracellular proteins in the proteasome, a proteolytic
complex that breaks down targeted proteins into smaller peptide

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250029

920z Atenuged 0| uo 3senb Aq 4pd 62006202 1Ul/L109v61/620052028/2/ 1 4pd-8lone/yl/Bio sseidnyj/:dny woy papeojumoq

20f16


https://doi.org/10.70962/jhi.20250029

[ )
L,Q'U

Figure 2. MHC class I-mediated antigen processing and
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presentation. Illustration of the cellular mechanisms governing
the processing and presentation of antigens on MHC class |
molecules, a pathway essential for immune surveillance against

T- intracellular pathogens and malignancies. The process begins

with the translation of RNA (which could be both of endogenous
cellular or viral origin) into proteins within the cytoplasm. A
subset of these newly synthesized proteins is degraded by the
proteasome into peptide fragments, often 8-16 amino acids
in length. Under inflammatory conditions, a specialized
immunoproteasome can be induced, further optimizing peptide
generation for MHC class | loading. The transporter associated
= with antigen processing (TAP) complex then translocates the
T‘ peptides from the cytosol into the ER. Once inside the ER,

peptides are trimmed by ER aminopeptidases to achieve optimal
length (usually 8-10 amino acids) for binding MHC class | mol-
[ ecules. Assembly of the MHC class | heavy chain and fom with

these peptides is facilitated by the peptide-loading complex
(PLC), comprising chaperones such as tapasin, ERp57, and cal-
reticulin. Upon successful peptide binding, the stable MHC class
I-peptide complex dissociates from the PLC and is transported
to the cell surface via the secretory pathway. At the plasma
membrane, peptide-MHC class | complexes are surveyed pri-
marily by CD8* T cells and NK cells. CD8* T cells use their TCR
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fragments (56). These peptides are then transported from the
cytoplasm into the endoplasmic reticulum (ER). The transloca-
tion of peptides into the ER is mediated by the TAP peptide
transporters, heterodimeric complexes composed of TAP1 and
TAP2 subunits (57, 58). Once inside the ER, peptides are trim-
med to an optimal length (usually 8-10 amino acids) and are
subsequently loaded onto the MHC class I molecules in complex
with B,m (3). Here, chaperone proteins including tapasin, cal-
reticulin, and ERp57, ensure proper folding and loading of the
peptides (59, 60). After peptide loading, the MHC class I mole-
cules exit the ER via the Golgi apparatus and are transported to
the cell surface (3).

The integrity and efficiency of the MHC class I pathway depend
heavily on the proper functioning of the TAP, tapasin, and B,m
proteins (61); consequently, LOF mutations in genes encoding
these proteins severely impair antigen presentation on MHC class
I molecules. For example, without the TAP-mediated transport of
peptides into the ER, MHC class I molecules cannot be properly
loaded, collapse, and consequently fail to reach the cell surface (3,
4, 62). The immunological consequences of such a defect have
been characterized in detail in many experimental model systems
(13, 14, 15, 16, 63). In the sections that follow, we examine the
pathological manifestations observed in TAP-deficient patients
and outline key considerations for their clinical management. We
also provide a brief overview of other known IEI related to MHC
class 1, including defects in f,m and tapasin.
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to recognize specific peptide-MHC class | complexes and can
eliminate infected or transformed cells. In contrast, NK cells
detect the presence of MHC class | via inhibitory receptors (e.g.,
killer cell immunoglobulin-like receptors or NKG2A), thereby
sparing healthy cells. When MHC class | expression is reduced or
lost—often during viral infection or tumor progression—NK cells
are released from inhibition and can eliminate the aberrant cell.
Collectively, the figure underscores the critical role of MHC class
| antigen presentation in coordinating innate and adaptive im-
munity, enabling effective defense against a broad range of in-
tracellular threats.
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Human TAP1 and TAP2 deficiencies

Human TAP deficiencies are caused by mutations in the genes
encoding TAP1 and/or TAP2. The condition is characterized by a
significant reduction of MHC class I molecules on the surface of
nucleated cells. While TAP1 and/or TAP2 deficiency can mani-
fest with a wide spectrum of symptoms, respiratory tract in-
fections and autoinflammatory granulomatous skin lesions are
by far the most common clinical manifestations (22, 23, 31, 32,
33, 37, 39, 41, 50, 64). TAP deficiency follows an autosomal re-
cessive pattern, and parents of affected individuals are often
consanguineous (e.g., uncle-niece [34] or first cousins [37, 65]).
In rare instances, the parents may be more distantly related,
such as third cousins (40), or appear not to be consanguineous at
all (42). The latter scenario can arise when both parents share a
common human leukocyte antigen (HLA) haplotype harboring
the same TAP gene mutation (22). Because most reported TAP-
deficient patients come from consanguineous backgrounds,
leading frequently to universal homozygosity across the MHC
region, HLA typing can serve as a useful initial screening in
patients with suspected TAP deficiency.

Two initial reviews on this topic, published in 2000 and 2005
(22, 23), collectively described 15 patients with confirmed TAP
deficiency (five TAP1- and ten TAP2-deficient patients). A more
recent review, by Hanna and Etzioni in 2014, covered both MHC
class I and class II deficiencies (66). Since those earlier pub-
lications, additional confirmed cases of TAP deficiency have
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been identified, some of which have been reported in the liter-
ature (28, 30, 31, 32, 33, 36, 39, 40, 41, 42, 43, 48, 50, 52, 67). In
the following sections, we discuss the latest insights into the
clinical spectrum, immunological characteristics, and treatment
options for patients with TAP1 and TAP2 deficiencies. We also
comment on patients with deficiencies in f,m and tapasin in this
regard.

Clinical spectrum of TAP1 and TAP2 deficiencies

Clinical manifestations in most TAP-deficient patients include
chronic respiratory tract infections and chronic necrotizing (or
sometimes non-necrotizing) granulomatous skin lesions (Fig. 3).
This unusual combination of symptoms can lead clinicians un-
familiar with TAP deficiency to suspect autoinflammatory con-
ditions, such as granulomatosis with polyangiitis (GPA, formerly
Wegener’s granulomatosis), potentially with deleterious con-
sequences for the patients. Below, we provide a more detailed
description of the clinical spectrum associated with TAP
deficiencies.

Respiratory tract infections

Respiratory tract infections in TAP-deficient patients typically
begin in early childhood, initially affecting the upper respiratory
tract (e.g., as chronic sinusitis, otitis media, and rhinitis), often
accompanied by nasal polyps and perforation of the nasal sep-
tum. Necrotizing granulomatous lesions are frequently found in
paranasal sinuses, but rarely in the lower respiratory tract (22).
Over time, chronic spastic bronchitis may develop, particularly
in children who have undergone sinus surgery for chronic si-
nusitis. The next stage of disease progression often involves
recurrent bacterial pneumonia (caused by Haemophilus influen-
zae, Streptococcus pneumoniae, Staphylococcus aureus, or Klebsiella
species), typically associated with the spread of infection from
the upper to the lower respiratory tract. If not optimally treated,
bilateral bronchiectasis may ensue, with subsequent coloniza-
tion of the lower airways by Pseudomonas and Streptomonas
species, and sometimes also Escherichia coli. Chronic respiratory
insufficiency and multidrug-resistant pneumonia are the major
complications and causes of mortality in TAP deficiency. How-
ever, it is important to emphasize that this fatal trajectory is not
a sine qua non for patients with TAP deficiency. As will be dis-
cussed in more detail below, immunosuppressive drugs,
including corticosteroids, should be avoided as soon as the
diagnosis is suspected. Additionally, sinus surgeries should be
avoided in these patients, as they have not shown any benefit
and have instead been associated with disease progression (22).

Granulomatous skin lesions

Most patients eventually develop granulomatous skin lesions,
often in the midface or on the extremities (Fig. 3). While these
lesions typically appear years after the onset of respiratory
symptoms, sometimes not until adulthood, they have been
documented as early as age three in one patient, preceding
chronic respiratory infections by several years (68). In another
patient, however, granulomatous skin lesions developed as late
as at the age 46, here with no previous history of frequent in-
fections (34). The skin lesions typically begin as erythematous
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macules or papules and progress to nodules that may ulcerate,
causing progressive tissue destruction, or heal spontaneously
within months, leaving hyperpigmented areas. On the extrem-
ities, they may resemble other known dermatoses, such as
granuloma annulare, erythema induratum of Bazin, necrotizing
sarcoid lesions, or pyoderma gangraenosum. Midface lesions,
which carry a high psychological burden, can mimic lethal
midline granuloma. Unlike GPA (Wegener’s granulomatosis),
these lesions ulcerate the nasal skin and deeper tissues,
sometimes leading to the complete destruction of the nose
(Fig. 3). Histologically, they originate in the dermis and hypo-
dermis and can progress from a lymphocytic and histiocytic
infiltrate to necrotizing granulomatous lesions with vessel in-
filtration and thrombotic occlusion (unpublished data).

Potential role of rubella virus in granulomas

Recent evidence suggests that rubella virus, both wild-type and
vaccine strains, may be implicated in granuloma formation in
immunocompetent and immunodeficient individuals, including
a recent case of TAPI deficiency (43, 69). Such involvement is
particularly relevant in immunodeficiency settings, where T cell
or antigen presentation defects may enable viral persistence.
Given that granulomas represent a key clinical feature of MHC
class I deficiencies, clinicians should consider rubella virus a
potential etiological factor. Testing (e.g., via PCR or immuno-
histochemistry) of granulomatous tissue for rubella can be one
part of the diagnostic evaluation.

Partial phenotypes and HLA-B*07:01-restricted responses

Notably, TAP deficiency has also been identified in asymptom-
atic individuals. In this context, de la Salle and collaborators
described two adult siblings with a homozygous TAP2 mutation
(34). HLA class I cell surface expression in these individuals was
strongly reduced, but notably three times higher than on other
described TAP-deficient patients. These individuals also ex-
hibited nearly normal numbers of CD8* T cells. In one of them,
an anti-Epstein-Barr virus (EBV) directed T cell response, me-
diated by HLA-B*07:01-restricted CD8* T lymphocytes, was
documented (34). The anti-EBV reactivity recapitulated earlier
findings on anti-EBV reactivity characterized in another TAP-
deficient patient (70). In this context, it is worth noting that
HLA-B*07:02, like other HLA class I alleles such as HLA-A*02:01,
can present TAP-independent peptides (e.g., from signal se-
quences or from other sources) and by this means elicit CD8*
T cell responses (71, 72, 73, 74). This shows that TAP deficiency
can remain asymptomatic for several decades, indicating that the
occurrence and severity of infection-related (or other related)
complications in TAP deficiency may depend not only on the
specific genetic defect and environmental factors but also, par-
tially, on the specific HLA class I alleles expressed by the patients.

Additional clinical manifestations

In addition to these primary features, TAP-deficient patients
may experience a wide range of other clinical complications.
Chronic encephalomyelitis, cerebral abscesses, mastoiditis,
periodontitis, severe dental caries, herpetic keratitis, and
ocular toxoplasmosis have been observed, particularly during
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Figure 3. Clinical manifestations of human TAP deficiency. (a-h) Clinical manifestations of TAP deficiency affecting the skin (a-f) and respiratory tract (g
and h). (a) Progressive midfacial lesions over six years in a patient being under immunosuppressive therapy for suspected GPA; (b and c) different stages of
midfacial destruction; (b) left and right panels show the same patient; (c) front view of a patient with severe destruction of the external nose and deep,
necrotizing skin lesions extending to the cheeks and philtrum; early lesions such as those shown in b resemble lupus pernio or herpes simplex lesions. The
histopathology of these lesions resembles GPA, but GPA does not lead to destruction of the outer nose; (d) typical granulomatous lesions on the lower ex-
tremities with pyoderma gangrenosum-like lesions. Leukocytoclastic vasculitis is observed in the same region as the pyoderma gangrenosum-like lesion in the
mid-upper panel; (e) scattered erythematous, nodular lesions on the elbows and lower arms. These lesions have been described in different patients as
necrobiosis lipoidica, granuloma annulare, or erythema induratum Bazin; (f) hyperpigmented lesions, including one on the right thigh that developed after a
blunt trauma; (g) MRI showing chronic maxillary and ethmoidal sinusitis in a patient with pansinusitis (frontal and sphenoidal sinusitis not shown). Chronic
sinusitis is a typical early manifestation of TAP deficiency; (h) bilateral bronchiectasis, which typically develops after onset of recurrent pneumonia or chronic
spastic bronchitis. These characteristic findings exemplify clinical TAP deficiency, the most common form of bare lymphocyte syndrome type 1.

immunosuppressive treatment initiated under the mistaken
assumption of an autoinflammatory disorder (unpublished
data). Other presentations, such as colitis, nonerosive polyar-
thritis, retinal vasculitis, ulcerating laryngitis, pericarditis, and
leukocytoclastic vasculitis, have been observed in patients with
either long-standing severe airway disease and/or in those
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previously treated with immunosuppressive drugs for suspected
GPA (22, 27) (unpublished data). Table 1 summarizes the wide
array of clinical features reported in TAP-deficient patients,
detailing their onset, the sequence of symptom evolution, and
the patients’ HLA types (to the best of available information),
specific mutations in TAPI and TAP2 genes (to the best of
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Table 1. Clinical manifestations and genetic features of TAP, tapasin, and B,m deficiency

Authors, year
(reference)

Age at start Manifestations (in
of symptom, chronological order,
gender (f, m) where data available)

HLA type®

Genes affected and type of
mutation®

Country of origin

Patients with tap deficiency

Moins-Teisserenc  Age 3 (f)

et al. (1999) (27) b

Chronic rhinitis, otitis, sinusitis; Homozygous
from age 11, bronchial
infections with pneumonia and 01, DRB1*15, DQB1*06:01
bronchiectasis; from age 27,

necrotizing granulomatous skin

lesions on nose and legs,

progression to nasal

destruction under

immunosuppression; later

developed leukocytoclastic

vasculitis, nonerosive

polyarthritis, retinal vasculitis,

and episodic colitis (on one

occasion clostridia toxin

positive); at age 36, death from

pneumonia

TAP2

HLA-A*11, B*15:02, Cw*08: ¢.1084delA; p.Ser362Valfs*

Turkey

Age <5 (f)
(aunt)

Recurrent rhinitis and sinusitis
since childhood; nasal septal
perforation and mild
granulomatous lesions on nasal
tip; later developed severe
necrotizing granulomatous
lesions on lower extremities

Same homozygous
haplotype

Caversaccio et al.  Age 4 (f)
(2008) (28)
Moins-Teisserenc

et al. (1999) (27) b

Purulent rhinosinusitis, nasal
septal perforation, recurrent
middle ear effusion,
tympanosclerosis, pharyngitis,
mastoiditis, bronchitis, and
nasal polyps; from age 10,
recurrent pneumonias,
bronchiectasis; from age 16:
necrotizing granulomatous skin
lesions on lower extremities,
later involving elbows and
forearms

Homozygous
HLA-A*26:01, B*49:01,
C*07:01, DRB1*13:02,
DRB3*03:01, DQB1*06:0,
DPB1*15:01

TAP1
¢.819delC; p.Ser274Valfs*

Italy. Male patient
described in Plebani et al.
(29) shared an identical
haplotype

Age <6 (f)
(sister)

Moins-Teisserenc
et al. (1999) (27) b

Recurrent respiratory
infections with bronchiectasis;
developed first skin lesions at
age 22

Same homozygous
haplotype as older sister

Alemayehu et al.  Age 3 (m)

(2023) (30)

From age 3, recurrent Not stated in article
pneumonia, gastroenteritis,

and tonsillopharyngitis; during

infections, developed non-

painful skin-colored nodules on

extensor limbs

TAP2
¢.373del; p.GIn125Argfs*8

Ethiopia

Darazam et al.
(2023) (31)

Age 26 (f)
Age 26-30
(f) (cousin)

Homozygous (details not
known)

Necrotizing granulomatous
skin lesions on right foot, later
involvement of nose and
midface

Necrotizing granulomatous
lesions on lower limbs with
nodules around the nose

TAP2
.983delC; p.Ala328Glyfs*52

Iran. Three family members
with homozygous TAP2
mutations and only minor
aphthous ulcers
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Table 1. Clinical manifestations and genetic features of TAP, tapasin, and B,m deficiency (Continued)

Authors, year
(reference)

Age at start Manifestations (in
of symptom, chronological order,
gender (f, m) where data available)

HLA type®

Genes affected and type of Country of origin

mutation?®

Espana et al. Age 9 (f)

(2010) (32)

Necrotizing granulomatous
skin lesions on both legs; from
late childhood, recurrent
sinobronchial infections
leading to bronchiectasis; at
age 39, developed aggressive
squamous cell carcinoma
within lesional skin; patient
died of metastasizing
squamous cell carcinoma

Homozygous
HLA-A*03:01, Cw*17:01,
B*50:01, DRB1*03:01,
DQA*05:01/DQB1*02:01,
DPB1*04:01

TAP2
€.628C>T

Spain

Konstantinou et al. Age 5 (m)
(2013) (33)

Recurrent upper and lower
respiratory infections;
diagnosed with bronchiectasis
at age 16; recurrent otitis
causing partial bilateral
deafness; from age 11, chronic
necrotizing granulomatous skin
lesions on right lower leg

Not stated in article

TAP2

Greece

C.1345C>T; p.Argd49*

de la Salle et al.
(2002) (34)

Age 43 (m)

Chronic granulomatous
erythematous and brownish
confluent lupoid papules and
plaques on one leg; lesion
resolved spontaneously 9 mo
after completing
antituberculosis treatment

A 30-year-old sister carried the
same homozygous mutation
but had no symptoms at time
of analysis. Note: Healthy TAP-
deficient individuals reported
by Markel shared identical HLA
haplotype (35)

Homozygous
HLA-A*03:01:01, B*07:02:
01, Cw*07:02, DRB1*15,
DQB1*06

TAP2

Lebanon

¢.1638+1G>A; p.Gly545Alafs*

Dogu et al. (2006)
(36)

Age 6 mo

Meningitis at 6 mo; from age
13, scar-forming necrotizing
granulomatous lesions in
midface, nose, and philtrum;
eye surgery at age 13;
toxoplasma pneumonitis at age
14; persistently low IgG, IgA,
and B cells

Homozygous

HLA-A*26, B*38, DRB1*03, ¢.1312C>T; p.*

DQB1*02

TAP1

Turkey

Age 17 (f)

Recurrent lower airways
infections with subsequent
bronchiectasis

Same homozygous
haplotype

Age 4 (f)
Age 7 (m)

Donato et al.
(1995) (37)

Recurrent sinobronchial
infections, severe bilateral
nasal polyposis, and
bronchiectasis

Recurrent pulmonary
infections progressing to
bronchiectasis; also had nasal
obstruction, pansinusitis, and
chronic otitis media

Homozygous
HLA-A3, B63, DR4, DR53,
DQ3

TAP2

c.757C>T; p.Arg253*

Morocco

Gao et al. (2016)
(38)

Age 4 (f)

Recurrent pneumonia with
bronchiectasis; from age 10,
ulcerating skin lesions on
elbows with human herpes
virus (HHV) and EBV positivity;
marked improvement following
HSCT

Homozygous

HLA-A*24:02, B*35:02,
Cw*04:01, DRB*03:01,
DQB*02:01, DPB*05:01

TAP1

Pakistan

Homozygous deletion
spanning TAP1 exon 3 to exon

1
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Table 1. Clinical manifestations and genetic features of TAP, tapasin, and B,m deficiency (Continued)

Authors, year Age at start Manifestations (in HLA type? Genes affected and type of Country of origin
(reference) of symptom, chronological order, mutation?®
gender (f, m) where data available)
Hanalioglu et al. ~ Age 4 (f)  Sino bronchial infections Homozygous TAP1 Turkey
(2017) (39) resulting in bronchiectasis (age HLA-A*26, B*38, C*12, ¢.2104_2105insC;
at first symptoms not reported) DRB1*03, DQB1*03 p.GIn702Profs*27
Villa-Forte et al. 6 mo Recurrent pneumonia with Homozygous TAP1 Country not stated
(2008) (40) bronchiectasis by age 6; from  HLA-A*01, B*08, Cw*07,  c.2239G>A; p.* (Brazilian origin)
age 12, multiple ulcerating DRB1*03, DRB3, DQB1*02
granulomatous skin lesions on
both legs, initially resolving,
later chronic; progressive
disease under high-dose
glucocorticoids,
cyclophosphamide,
methotrexate, azathioprine,
and infliximab for suspected
GPA
Law-Ping-Man Age 4 Ulcerating granulomatous skin  Homozygous TAP1 Country not stated
et al. (2018) (41) lesions on left cheek, gluteal ~ HLA-A*02:01, B*44:02, c.1879A>T; p.Lys627* (Caucasian origin)
region, and limbs; at age 11, C*05:01, DRB1*04:
spastic bronchitis with 01,DQB1*03:01, DPB1*04:
bronchiectasis 01
Moins-Teisserenc  Age 12 (f)  Chronic sinusitis and bronchitis Homozygous TAP1 Belgium
et al. (1999) (27) * since childhood, later HLA-A*03, B*15:01, Cw*03, Deficiency demonstrated by
bronchiectasis; from age 35, DR*13:01, DQ*06:03 lack of TAP1 protein. No TAP1
granulomatous skin lesions on sequencing data published
legs and midface with nasal
destruction; at age 39, cerebral
abscesses under
immunosuppression; at age 46,
hypopharyngeal ulceration; at
age 47, leukocytoclastic
vasculitis
Moins-Teisserenc ~ Age 3 (f) Initial presentation with Homozygous TAP1 Belgium
et al. (1999) (27) * necrotizing granulomatous HLA-A*23:01, B*49:01, Deletion due to frameshift
lesions on both legs, later Cw*07:01, DRB1*03:01, mutation with premature
involving nose and midface; DQB1*02:01 termination
chronic sinusitis diagnosed at
age 27
Parissiadis et al. Age 14 (f)  Unilateral ocular toxoplasmosis Homozygous TAP1 Country not stated (French

(2005) (42)

with chorioretinitis and
profound loss of vision
Older brother with spastic

bronchitis and chronic bacterial

colonization of the lower
airways

HLA-A*24, B*14, Cw*08,
DRB1*13, and DQB1*06

¢.1564C>T; p.Arg522* origin)

Wang et al. (2024) Age 27 (f)
(43)

Non-painful plaques on right
leg; biopsy showed suppurative
granulomatous inflammation

with caseation; rubella

virus-induced granulomatous

disease diagnosed via
metagenomic sequencing

Not stated in article

TAP1
¢.1151C>G; p.Ser384*

China

Maeda et al. (1985) Age 15 (f)
(44)

Watanabe et al.

(1987) (45)

de la Salle et al.

(1999) (46)

Furukawa et al.

(1999) (47)

Rhinitis with nasal polys,
followed by sinusitis and
panbronchiolitis; at age 28,

granulomatous skin lesion on

the left leg

Homozygous
HLA-A*24:02, B*40:06,
C*15, DRB1*08:03,
DQB1*06:01, DPB1*05:01

TAPI
c.778+1G>A

Japan
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Table 1. Clinical manifestations and genetic features of TAP, tapasin, and B,m deficiency (Continued)

Authors, year
(reference)

Age at start Manifestations (in
of symptom, chronological order,

gender (f, m) where data available)

HLA type®

Genes affected and type of

mutation?®

Country of origin

Plebani et al.
(1996) (29) Not stated
delaSalleetal.  (m)

(1999) (46)

Infancy (m) Sinobronchial infections from

infancy, progressing to
bronchiectasis; from age 8,
deep skin ulcers on extremities;
died at age 23 from respiratory
failure

Older brother died at age 20 of
a cerebral abscess, with
bronchiectasis and thymic
atrophy at autopsy

Homozygous
HLA-A*26:01, B*49:01,
C*07, DRB1*13:02,
DRB3*03:01, DQB1*06:04,
DPB1*15:01

TAP1

¢.819delC; p.Ser274Valfs*

Italy. Shares identical
haplotype with Italian
patients described in (27)
and (28)

Gadola et al.,
unpublished data

<Age 6 (f)

Upper respiratory tract
infections and herpetic fever
blisters, herpetic keratitis,
acute hearing loss, and
generalized exanthema
following smallpox vaccination;
from age 13, granulomatous
skin lesions on legs; later
(adulthood) recurrent strokes
and progressive atactic
syndrome under immune
suppression

Homozygous
HLA-A32, B57

TAP2
c.711+1G>C

Poland

Bhattarai et al,,
2025 (48)

Age 7 (f)

Recurrent fever and respiratory
infections; severe varicella-
zoster and herpes simplex virus
infections; pneumonia with
disseminated vesicular rash;
persistent poorly healing skin
lesions, pyoderma
gangrenosum-like cutaneous
ulcers, and vasculitic rash

Homozygous

TAP1
Not known

Nepal. Treated with IgRT
and antimicrobial
prophylaxis

Ramalingam et al.  Age 3 (m)

(2024) (49)

Recurrent pneumonia with
good clinical response to HSCT

Not stated in article

TAP2

India

¢.1733C>T; p.Ala578Val

Samarkandy et al.
(2024) (50)

Age <10

Recurrent otitis media with
effusion before age 10; from
age 10, granulomatous plaque-
like lesions on both legs; partial
response to glucocorticoids
and thalidomide, followed by
severe relapse after
thalidomide withdrawal

Not stated in article

TAP1 and TAP2

Saudi Arabia

Homozygous 17 kb deletion
spanning TAP1 exon 8 to TAP2

exon 7

Patients with tapasin deficiency

Yabe et al. (2002) Age 44 (f)
(51)

Chronic glomerulonephritis for
10 years; later developed
herpes zoster and gastric and
colonic polyps

Homozygous
HLA A*26:01, B*15:01,
Cw*03:03, DRB1*15:01

TAPBP

Japan

Homozygous deletion

spanning introns 3-7

Elsayed et al. Age 24 (m)

(2024) (52)

Recurrent bronchitis, sinusitis,
and otitis media; diagnosed
with bronchiectasis at age 24;
at age 39, herpes zoster and
postherpetic neuralgia at
thoracic dermatomes

Not stated in article

TAPBP

Turkey

c.312del; p.Lys104Asnfs*6
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Table 1. Clinical manifestations and genetic features of TAP, tapasin, and B,m deficiency (Continued)

Authors, year Age at start Manifestations (in HLA type®

Genes affected and type of Country of origin

(reference) of symptom, chronological order, mutation?®
gender (f, m) where data available)
Ramalingam et al.  Age 9 (m) Recurrent respiratory Not stated in article TAPBP India

(2024) (49) infections with wheezing and
hypoxia; at age 10, CT showed
bilateral diffuse fibrosis and
bronchiectasis; died at 4 mo
post-HSCT due to severe viral
and bacterial infections and
poor lymphocyte
reconstitution (2%-5%)

c.312del; p.Lys104Asnfs*6

Patients with S,m deficiency

Waldmann et al.
(1990) (53)

Wani et al. (2006)
(54)

Age 21(f)  Necrobiosis lipoidica
diabeticorum on legs after
miscarriage; low 1gG and
albumin; skeletal anomalities
(short bowed limbs). At age 25,
developed idiopathic
thrombocytopenic purpura; 7
mo after splenectomy, died
from pneumonia,
thrombocytopenia-related
hemorrhage, and septic shock.
Sibling: Low IgG and bone
anomalies, but asymptomatic
at follow-up; anomalities
attributed to FcRn deficiency

Not stated in article

Bom

Homozygous mutation in
signal peptide region; residual
MHC class | expression

Country not stated

Ardeniz et al. Age 9 (f)

(2015) (55)

Subcutaneous nodules during
flu-like infection; treated
empirically for suspected
tuberculosis; at age 12, left lung
abscess; in adulthood, nasal
perforation and ulcerated
violaceous skin lesions on all
extremities; bronchiectasis
confirmed by CT; severe
hypoproteinemia at age 31.
Brother: Bronchiectasis and
low serum proteins; three
siblings died young, one with
chronic granulomatous skin
lesions

HLA A*11/A*24, B*27/
B*40, C*15/C*15,
DRB1*04/07

Bm

Homozygous intron 1 mutation
causing aberrant splicing,
frameshift, and premature
stop in exon 2; no detectable
B2m or MHC class | expression

Turkey

aTo the best of our available information.

bThe clinical details are based on the personal records of S.D. Gadola, who identified and followed these patients over time. Due to word count restrictions,
only a summarized version of these cases was included in the original Lancet publication.

available information). The table also includes other genetic
alterations, including tapasin and B,m deficiencies affecting
MHC class I expression.

Viral infections

Although MHC class I molecules are critical for CD8* T cell de-
velopment as well as for presentation of viral antigens to CD8*
T cells, severe viral infections are generally not a hallmark of
TAP deficiency. Nonetheless, one patient developed acute left-
sided hearing loss and a transient generalized exanthema days
after receiving a smallpox vaccine (a live, non-attenuated

Gadola et al.
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vaccine) while tolerating other childhood immunizations (un-
published data). This patient and her sister also experienced
recurrent severe herpetic fever blisters, and after immunosup-
pressive treatment for skin lesions, they both developed
herpetic eye inflammation (confirmed by PCR in the sister),
cerebral complications including cerebral atrophy, and recur-
rent strokes possibly because of herpetic cerebral vasculitis
(unpublished data). More recently, a 7-year-old Nepalese girl
with TAP1 deficiency presented with pneumonia, disseminated
vesicular rash, and persistent lesions caused by varicella-zoster
and herpes simplex viruses, requiring prolonged antiviral

Journal of Human Immunity
https://doi.org/10.70962/}hi.20250029

920z Atenuged 0| uo 3senb Aq 4pd 62006202 1Ul/L109v61/620052028/2/ 1 4pd-8lone/yl/Bio sseidnyj/:dny woy papeojumoq

10 of 16


https://doi.org/10.70962/jhi.20250029

treatment (48). Thus, TAP-deficient individuals may be at risk
for severe viral infections, a risk that can be amplified by im-
munosuppressive treatments.

Cancer risk

MHC class I-mediated presentation of tumor-specific antigens
to CD8* T cells is a key mechanism of immunosurveillance
against malignancies. However, few patients with long-standing
TAP deficiency have been diagnosed with cancer. Of these, we
are aware of three patients, who developed squamous cell car-
cinoma arising from persistent granulomatous skin lesions (32,
35) (unpublished data). Two of these three died from their dis-
ease. Another patient was diagnosed with a nonspecified cancer,
underwent chemotherapy, and subsequently died of sepsis (68)
(Willemsen, R., personal communication).

Immunopathological aspects of TAP deficiency

Several patients with TAP deficiency exhibit reduced frequen-
cies of peripheral CD8* T cells, likely due to impaired positive
selection of native CD8* T cells in the thymus, a process de-
pendent on MHC class I molecules (see Introduction). However,
some patients have been shown to display normal or even ele-
vated CD8* T cell levels. In some cases, this increase has been
attributed to progressive accumulation of CD8* y8T cells,
whereas in others, it has reflected expansions of CD8* affT cells.
It is not unlikely that a subset of the latter might include
mucosa-associated invariant T (MAIT) cells and/or CDI-
restricted T cells. Notably, y8T cells expressing the T cell re-
ceptor V81 chain, normally a rare subset in healthy individuals,
are significantly expanded in the peripheral blood of many TAP-
deficient patients, resulting in an inversion of the typical V82 to
V81 ratio (22, 27).

The number of NK cells in peripheral blood is generally
normal in cases of TAP deficiency, although increases have been
observed during infections in some cases (13, 75, 76). In normal
conditions, NK cell responses to human cytomegalovirus
(HCMV) often involve expansions of NKG2C+ NK cells, which
are typically shaped by interactions with HLA-E known to bind
N-terminal leader (signal) sequences of classical MHC class I
heavy chains (HLA-A, -B, or -C) (77, 78, 79). Such expansions
have also been observed in TAP-deficient patients (77). Fur-
thermore, NK cells have been shown to exhibit a polyclonal
killer cell inhibitory receptor profile, express high levels of
CEACAMI, and retain at least partial functional responses in
TAP-deficient patients (80, 81, 82). Upon in vitro activation, NK
cells have been reported to efficiently kill autologous B lym-
phoblastoid cells and skin fibroblasts (27, 75, 83), but not au-
tologous phytohemagglutinin T cell blasts (81).

Aside from a single study (31), deep immunophenotyping has
not been extensively performed in TAP-deficient patients. In the
aforementioned study, mass cytometry analysis of peripheral
blood mononuclear cells (PBMCs) from two TAP2-deficient in-
dividuals revealed largely normal myeloid and B cell counts,
apart from a slight plasma cell increase. NK cell numbers were
elevated, with higher frequency of CD564™NKG2C* cells sug-
gestive of prior HCMV infection. T cell analysis showed overall
normal v8 and af T cell counts, with CD4 T cells (including T
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helper and regulatory T subsets) within normal limits. In con-
trast, CD8* naive T cells were markedly reduced, though in-
creased effector memory cells maintained total CD8 counts,
resulting in an abnormally high CD4/CD8 ratio among naive
T cells. Additionally, both MAIT and invariant NK T cell num-
bers were elevated. Taken together, these findings indicate a
relatively mild impact of TAP2 deficiency on T lymphocyte
differentiation, characterized by a decrease in CD8* naive T cell
thymus output and increased invariant T cells (31).

The pathophysiology of granulomatous skin lesions in TAP
deficiency may involve NK and V381 T cells that, when activated
during infections, may not be properly regulated. Supporting
this view, dense infiltrates of NK and y8T cells have been
documented in granulomatous skin lesions of TAP-deficient
patients (27). Similarly, CD4* and CD8* T cell infiltrations in
granulomatous lesions of B,m deficiency comprised mainly of
¥8T cells (55). These lesions also show high expression of MHC
class II on infiltrating cells, indicating cellular activation as well
as high expression of Ig-like transcript 2, an MHC class I-
binding inhibitory receptor on lymphoid and myeloid cells (27).

Treatment options in TAP deficiency

The guiding principle for managing TAP-deficient patients
should be “primum non nocere” (first, do no harm). This said,
chronic granulomatous skin lesions or chronic spastic bronchitis
may tempt clinicians to initiate immunosuppressive drug ther-
apies, commonly starting with prednisone. While initial short-
term responses can be encouraging, extensive patient histories
indicate that any form of immunosuppression ultimately pro-
vides no benefit and can cause significant harm in TAP-deficient
individuals (22, 27) (unpublished data). Below, we provide a
more detailed description of clinical TAP deficiencies.

Antibiotics and supportive care

The judicious use of antibiotics, saline nasal washings, and chest
physiotherapy is vital for long-term management. In early dis-
ease stages, before bronchiectasis is established, antibiotics,
such as doxycycline (known for favorable tissue pharmacoki-
netics, anti-inflammatory properties, and relatively low pro-
pensity for resistance), may be used. Also, some patients seem to
have benefitted from long-term prophylaxis with sulfamethox-
azole/trimethoprim against Toxoplasma infections, combined
with regular intravenous immunoglobulins (36). For established
bronchiectasis with Pseudomonas or Streptomonas airway colo-
nization, inhaled antibiotics commonly employed in cystic fi-
brosis (colistin, tobramycin, aztreonam lysine, and levofloxacin)
can be considered. Notably, intermittent inhaled colistin has
maintained stable disease over several years in one TAP-
deficient patient (unpublished data).

Antituberculosis therapy and related observations

Several patients have also received quadruple tuberculostatic
therapy for suspected tuberculosis, despite no evidence of My-
cobacterium tuberculosis (22). Interestingly, some patients im-
proved during this therapy, and, in at least two cases, skin
lesions healed (unpublished data). In one instance, a patient
treated with rifampicin and pyrazinamide experienced the
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reappearance of skin lesions upon discontinuation of rifampicin.
The lesions regressed again when rifampicin was reinstated
after discontinuing pyrazinamide (unpublished data). Rifampi-
cin has a broad antibacterial spectrum, while pyrazinamide is
specific for M. tuberculosis. In another patient, stable control of
lung infections correlated with the healing of skin lesions (un-
published data). Conversely, one patient originally reported by
Law-Ping-Man et al. (41) experienced worsening skin lesions in
association with intermittent pulmonary infections (Adamski,
H., personal communication). These cases suggest that bacterial
lung infections may trigger or reactivate NK and y8T cells in
skin lesions. Notably, in this context, the patient described
above, treated with long-term sulfamethoxazole/trimethoprim
and immunoglobulins, developed severe skin lesions during
therapy (Dogu, F., personal communication).

Immunomodulatory approaches and cautionary tales

One patient, that we are aware of, received the TNF-a inhibitor
infliximab. While the cutaneous lesions seemed to improve tem-
porarily, the patient later developed aggressive metastatic squa-
mous cell carcinoma on a chronic skin ulcer, ultimately leading to
death at the age of 54 (35) (unpublished data). Therefore, we do
not recommend such treatments, as the long-term risks may
outweigh any short-term benefits. Inmunomodulatory treatment
with IFN-a or IFN-y in TAP-deficient patients have been associ-
ated with worsening skin lesions and systemic side effects, such as
severe fatigue and malaise (22). However, in the rare cases of
tapasin deficiency, IFN-a may be a viable therapeutic approach.
Type I IFNs can upregulate the MHC class I-loading complex
molecules and by this means enhance MHC class I expression on
the surface of PBMCs from tapasin-deficient patients (52).

Definitive treatment options

With respect to curative treatment, gene therapy represents a
theoretical option for restoring MHC class I expression in all
nucleated cells, although it is not yet (and far from) clinically
available. Hematopoietic stem cell transplantation (HSCT) is a
possible option but has notable limitations in that MHC class I
expression will only be corrected in donor-derived hematopoi-
etic cells. Nevertheless, HSCT has been performed in two pa-
tients, as reported by Gao et al. (38) and Tsilifis et al. (67). In the
first case, a patient with combined TAP1 and TAP2 deficiencies
underwent low-intensity conditioning followed by HSCT at age
13 (38). 15 years later, this patient remains free of infections, has
had a normal first pregnancy, and shows donor-derived hema-
topoietic cells with normal HLA class I expression and a typical
CD8* T cell fraction (67). By contrast, the second patient, an 11-
year-old with TAPI1 deficiency, died ~2 mo after transplantation
due to severe graft-versus-host disease and concurrent pulmo-
nary infections with cytomegalovirus (CMV) and parainfluenza
virus type II (67).

Other human immune deficiencies affecting MHC class |
expression

An individual with a large deletion encompassing both the TAPI
and TAP2 genes as well as the proteasome-related proteasome
subunit beta type-8 gene was reported by Gao et al. (38) and has
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been described above. In addition to TAP mutations, a few other
documented genetic defects can lead to decreased HLA class I
expression (84). The most severe cases involve simultaneous
loss of HLA class I and II expression, also known as bare lym-
phocyte syndrome type 3 (85). The latter representing a very
rare condition resulting in severe combined immunodeficiency
with life-threatening infections by bacteria, viruses, fungi, and
other opportunistic organisms presenting in early childhood.

B.m deficiency

Mutations in f;m genes have been described in two brother-
sister pairs (53, 55). Both female patients developed granuloma-
tous dermatitis and pulmonary infections mirroring those seen in
TAP-deficient patients. One female patient displayed severe dis-
ease with disfiguring midfacial and limb granulomas, herpetic
blisters on the soles, CMV retinitis, and ultimately died from
toxoplasmosis (55). The other female patient underwent sple-
nectomy due to idiopathic thrombocytopenia and died of bilateral
pneumonia and septic shock at age of 40 (53). In contrast, neither
of the male siblings showed notable immune deficiencies into
their twenties, at which point they were lost to follow-up (53, 55).
Notably, B,m-deficient patients exhibit distinct biochemical and
immunological phenotypes compared to those with TAP defi-
ciency (55). These differences are due to the pleiotropic functions
of B,m as a scaffolding protein for both classical and nonclassical
MHC class I molecules, including CD1 proteins (CDla-d), MRI,
hemochromatosis protein (HFE), and the neonatal Fc receptor
(FcRn) (54). The FcRn binds albumin and IgG, extending their
catabolic half-lives, which explains why all f,m-deficient patients
exhibited severe hypoalbuminemia and very low IgG serum levels
(53, 55). While MR1 and HFE expression were not analyzed, CDla-c
expression was markedly reduced in one of the female and in the
male patients described above (55). Interestingly, CD1d expression
remained normal, consistent with published observations that this
isoform can be expressed independently of B,m in human cells
(86). On a cellular level, the patients demonstrated a highly biased
TCR Vp repertoire among CD8* af T cells, low B cell counts, and
strikingly increased CD8* y8T cells, which were more than six
times the upper normal limit (55).

Tapasin deficiency

To date, three cases of inherited deficiency of tapasin have been
reported (49, 51, 52). The first involved is an adult female with
chronic glomerulonephritis. Her tapasin defect was discovered
during a pre-kidney transplant workup. The patient suffered
from digestive polyps and had a history of varicella-zoster virus
infection. Of interest, this patient did not exhibit chronic res-
piratory or cutaneous symptoms as typically seen in TAP defi-
ciency (51). The second (52) and third cases (49) have been more
recently described. These two patients presented with bron-
chiectasis and recurrent respiratory tract infections that largely
resembled the clinical spectrum of TAP deficiencies (52).

Additional reports

A few asymptomatic individuals with modest reductions in HLA
class I expression have been reported (34, 87). They were het-
erozygous for HLA class I and II, with consanguineous parents.
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In these cases, HLA-class I expression was inducible by in-
flammatory cytokines, suggesting a possible transcriptional
rather than a structural defect. Finally, other patients with
confirmed low MHC class I expression and clinical manifes-
tations resembling TAP deficiency have been observed, but
underlying molecular defects have not yet been described (68,
88) (unpublished data).

Conclusion

Inborn defects in the MHC class I pathway cause a wide range of
clinical manifestations, ranging from chronic infections, primarily
affecting the respiratory tract, to autoinflammatory granuloma-
tous skin lesions driven by innate immune cells, such as NK and
V81 y8T cells. These granulomatous lesions, along secondary im-
mune complex-mediated leukocytoclastic skin vasculitis, can oc-
casionally be misdiagnosed as GPA (formerly known as Wegener’s
disease) or other autoimmune conditions. Treatment should
tightly be focused on infection control and prophylaxis. Immu-
nosuppressive therapy is contraindicated. Such therapy can result
in severe infectious complications and ultimately fatal lung dam-
age. Recent long-term follow-up data have revealed new insights
into TAP-deficient patients, including the development of skin
cancer in later stages of the disease, possibly arising from the
chronic granulomatous skin lesions. Additionally, severe herpes-
virus infections have been observed, contradicting the prevailing
belief that viral attacks have minimal consequences. Finally, some
individuals with significant reduction in MHC class I expression
present with minimal or no clinical symptoms, highlighting the
heterogenous nature of this disorder. From a diagnostic stand-
point, HLA typing in suspected cases can help identify homozy-
gosity within the MHC region or shared haplotypes that may
harbor TAP (or TAPBP) gene mutations. Next-generation se-
quencing offers an even more precise method to confirm the
presence of pathogenic variants in TAP genes, facilitating earlier
and more accurate diagnoses. Looking ahead, emerging gene
therapy modalities may hold promise for correcting these severe
immunodeficiencies in the future. In conclusion, advancing our
understanding of the genetic mutations and molecular mecha-
nisms underlying MHC class I deficiency will be crucial in iden-
tifying predictive markers for disease progression, guiding
individualized treatment strategies, and optimizing patient out-
comes. Long-term surveillance and follow-up of affected patients
will also remain essential for uncovering late-onset complications
and guiding ongoing clinical practice and patient management.

Data availability

No new data were generated or analyzed in the present review.
With respect to patient-specific observations described, under-
lying data are not publicly available due to patient privacy is-
sues. Further nonconfidential information can be made available
from the corresponding author upon reasonable request with
the permission of third party.

Acknowledgments
J. Zimmer sincerely thanks Prof. Dr. M. Ollert, Director of the
Department of Infection and Immunity at the Luxembourg

Gadola et al.

Human MHC class | deficiency

gv‘, H I
QD QD
J 3?‘

Institute of Health, for his invaluable personal support. S.D.
Gadola dedicates this paper to the memory of his former mentor,
Prof. V. Cerundolo. The authors acknowledge all colleagues who
have contributed to this field of research over the past decades.
All figures were created with BioRender.

Author contributions: S.D. Gadola: conceptualization, data
curation, formal analysis, investigation, methodology, project
administration, supervision, and writing—original draft, re-
view, and editing. 0. Ardeniz: investigation, resources, visuali-
zation, and writing—review and editing. A. Cuapio: validation,
visualization, and writing—original draft, review, and editing.
J. Zimmer: conceptualization, investigation, validation, and
writing—original draft, review, and editing. H.-G. Ljunggren:
conceptualization, data curation, formal analysis, investigation,
methodology, project administration, supervision, and writing—
original draft, review, and editing.

Disclosures: The authors declare no competing interests exist.

Submitted: 4 March 2025
Revised: 8 May 2025
Accepted: 27 May 2025

References

1. Townsend, A.R., J. Rothbard, F.M. Gotch, G. Bahadur, D. Wraith, and A.].
McMichael. 1986. The epitopes of influenza nucleoprotein recognized by
cytotoxic T lymphocytes can be defined with short synthetic peptides.
Cell. 44:959-968. https://doi.org/10.1016/0092-8674(86)90019-x

. Townsend, A., C. Ohlén, J. Bastin, H.G. Ljunggren, L. Foster, and K. Kérre.
1989. Association of class I major histocompatibility heavy and light
chains induced by viral peptides. Nature. 340:443-448. https://doi.org/10
.1038/340443a0

. Pishesha, N., T.J. Harmand, and H.L. Ploegh. 2022. A guide to antigen
processing and presentation. Nat. Rev. Immunol. 22:751-764. https://doi
.org/10.1038/541577-022-00707-2

4. Neefjes, J.,, M.L.M. Jongsma, P. Paul, and O. Bakke. 2011. Towards a
systems understanding of MHC class I and MHC class II antigen pre-
sentation. Nat. Rev. Immunol. 11:823-836. https://doi.org/10.1038/
nri3084

. Zhang, N., and M.J. Bevan. 2011. CD8(+) T cells: Foot soldiers of the
immune system. Immunity. 35:161-168. https://doi.org/10.1016/j.immuni
.2011.07.010

. Vivier, E., D.H. Raulet, A. Moretta, M. A. Caligiuri, L. Zitvogel, L.L. Lanier,
W.M. Yokoyama, and S. Ugolini. 2011. Innate or adaptive immunity? The
example of natural killer cells. Science. 331:44-49. https://doi.org/10
.1126/science.1198687

. Ljunggren, H.G., and K. Kérre. 1985. Host resistance directed selectively
against H-2-deficient lymphoma variants. Analysis of the mechanism.
J. Exp. Med. 162:1745-1759. https://doi.org/10.1084/jem.162.6.1745

8. Kirre, K., H.G. Ljunggren, G. Piontek, and R. Kiessling. 1986. Selective
rejection of H-2-deficient lymphoma variants suggests alternative im-
mune defence strategy. Nature. 319:675-678. https://doi.org/10.1038/
319675a0

. Ljunggren, H.G., and K. Kérre. 1990. In search of the ‘missing self’: MHC
molecules and NK cell recognition. Immunol. Today. 11:237-244. https://
doi.org/10.1016/0167-5699(90)90097-s

10. Zijlstra, M., M. Bix, N.E. Simister, J.M. Loring, D.H. Raulet, and R. Jae-

nisch. 1990. Beta 2-microglobulin deficient mice lack CD4-8* cytolytic

T cells. Nature. 344:742-746. https://doi.org/10.1038/344742a0

Liao, N.S., M. Bix, M. Zijlstra, R. Jaenisch, and D. Raulet. 1991. MHC class

deficiency: Susceptibility to natural killer (NK) cells and impaired NK

activity. Science. 253:199-202. https://doi.org/10.1126/science.1853205

12. Hoglund, P., C. Ohlén, E. Carbone, L. Franksson, H.G. Ljunggren, A.

Latour, B. Koller, and K. Karre. Recognition of beta 2-microglobulin-
negative (beta 2m-) T-cell blasts by natural killer cells from normal but
not from beta 2m- mice: Nonresponsiveness controlled by beta 2m- bone

nN

w

w

(<)}

~

Nel

1L

jary

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250029

920z Atenuged 0| uo 3senb Aq 4pd 62006202 1Ul/L109v61/620052028/2/ 1 4pd-8lone/yl/Bio sseidnyj/:dny woy papeojumoq

13 of 16


https://doi.org/10.1016/0092-8674(86)90019-x
https://doi.org/10.1038/340443a0
https://doi.org/10.1038/340443a0
https://doi.org/10.1038/s41577-022-00707-2
https://doi.org/10.1038/s41577-022-00707-2
https://doi.org/10.1038/nri3084
https://doi.org/10.1038/nri3084
https://doi.org/10.1016/j.immuni.2011.07.010
https://doi.org/10.1016/j.immuni.2011.07.010
https://doi.org/10.1126/science.1198687
https://doi.org/10.1126/science.1198687
https://doi.org/10.1084/jem.162.6.1745
https://doi.org/10.1038/319675a0
https://doi.org/10.1038/319675a0
https://doi.org/10.1016/0167-5699(90)90097-s
https://doi.org/10.1016/0167-5699(90)90097-s
https://doi.org/10.1038/344742a0
https://doi.org/10.1126/science.1853205
https://doi.org/10.70962/jhi.20250029

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27

28.

29.

30.

marrow in chimeric mice. Proc. Natl. Acad. Sci. USA. 1991:88:10332-10336.
https://doi.org/10.1073/pnas.88.22.10332

Ljunggren, H.G., L. Van Kaer, H.L. Ploegh, and S. Tonegawa. 1994. Al-
tered natural killer cell repertoire in Tap-1 mutant mice. Proc. Natl. Acad.
Sci. USA. 91:6520-6524. https://doi.org/10.1073/pnas.91.14.6520

Van Kaer, L., P.G. Ashton-Rickardt, H.L. Ploegh, and S. Tonegawa. 1992.
TAPI1 mutant mice are deficient in antigen presentation, surface class I
molecules, and CD4-8* T cells. Cell. 71:1205-1214. https://doi.org/10.1016/
50092-8674(05)80068-6

Ashton-Rickardt, P.G., L. Van Kaer, T.N. Schumacher, H.L. Ploegh, and S.
Tonegawa. 1993. Peptide contributes to the specificity of positive selec-
tion of CD8* T cells in the thymus. Cell. 73:1041-1049. https://doi.org/10
.1016/0092-8674(93)90281-t

Aldrich, CJ., H.G. Ljunggren, L. Van Kaer, P.G. Ashton-Rickardt, S. To-
negawa, and J. Forman. 1994. Positive selection of self- and alloreactive
CD8* T cells in Tap-1 mutant mice. Proc. Natl. Acad. Sci. USA. 91:
6525-6528. https://doi.org/10.1073/pnas.91.14.6525

Elliott, J.M., and W.M. Yokoyama. 2011. Unifying concepts of MHC-
dependent natural killer cell education. Trends Immunol. 32:364-372.
https://doi.org/10.1016/}.it.2011.06.001

Goodridge, J.P., B. Jacobs, M.L. Saetersmoen, D. Clement, Q. Hammer, T.
Clancy, E. Skarpen, A. Brech, J. Landskron, C. Grimm, et al. 2019. Re-
modeling of secretory lysosomes during education tunes functional po-
tential in NK cells. Nat. Commun. 10:514. https://doi.org/10.1038/s41467
-019-08384-x

Notarangelo, L.D., R. Bacchetta, J.-L. Casanova, and H.C. Su. 2020. Hu-
man inborn errors of immunity: An expanding universe. Sci. Immunol. 5:
eabb1662. https://doi.org/10.1126/sciimmunol.abb1662

Casanova, J.-L., and L. Abel. 2022. From rare disorders of immunity to
common determinants of infection: Following the mechanistic thread.
Cell. 185:3086-3103. https://doi.org/10.1016/j.cell.2022.07.004

. Touraine, J.L.. 1981. The bare-lymphocyte syndrome: Report on the reg-

istry. Lancet. 1:319-321. https://doi.org/10.1016/s0140-6736(81)91922-x
Gadola, S.D., H.T. Moins-Teisserenc, J. Trowsdale, W.L. Gross, and V.
Cerundolo. 2000. TAP deficiency syndrome. Clin. Exp. Immunol. 121:
173-178. https://doi.org/10.1046/j.1365-2249.2000.01264.x

Zimmer, J., E. Andreés, L. Donato, D. Hanau, F. Hentges, and H. de la Salle.
2005. Clinical and immunological aspects of HLA class I deficiency. Q.
J. Med. 98:719-727. https://doi.org/10.1093/qjmed/hcil12

Poli, M.C., I. Aksentijevich, A.A. Bousfiha, C. Cunningham-Rundles, S.
Hambleton, C. Klein, T. Morio, C. Picard, A. Puel, N. Rezaei, et al. 2025.
Human inborn errors of immunity: 2024 update on the classification
from the international union of immunological societies expert
committee. J. Hum. Immun. 1:e20250003. https://doi.org/10.70962/
jhi.20250003

Bousfiha, A.A., L. Jeddane, A. Moundir, M.C. Poli, 1. Aksentijevich, C.
Cunningham-Rundles, S. Hambleton, C. Klein, T. Morio, C. Picard, et al.
2025. The 2024 update of IUIS phenotypic classification of human inborn
errors of immunity. J. Hum. Immun. 1:e20250002. https://doi.org/10
.70962/jhi.20250002

Tangye, S.G., W. Al-Herz, A. Bousfiha, C. Cunningham-Rundles, ].L.
Franco, S.M. Holland, C. Klein, T. Morio, E. Oksenhendler, C. Picard,
et al. 2022. Human inborn errors of immunity: 2022 update on the
classification from the international union of immunological societies
expert committee. J. Clin. Immunol. 42:1473-1507. https://doi.org/10
.1007/510875-022-01289-3

. Moins-Teisserenc, H.T., S.D. Gadola, M. Cella, P.R. Dunbar, A. Exley, N.

Blake, C. Baykal, ]. Lambert, P. Bigliardi, M. Willemsen, et al. 1999. As-
sociation of a syndrome resembling Wegener’s granulomatosis with low
surface expression of HLA class-I molecules. Lancet. 354:1598-1603.
https://doi.org/10.1016/50140-6736(99)04206-3

Caversaccio, M., H.M. Bonél, R. Carter, A.P. Williams, and S.D. Gadola.
2008. TAP deficiency syndrome: Chronic rhinosinusitis and conductive
hearing loss. Eur. Arch. Otorhinolaryngol. 265:1289-1292. https://doi.org/
10.1007/500405-008-0610-3

Plebani, A., V. Monafo, R. Cattaneo, G. Carella, D. Brugnoni, F. Facchetti,
S. Battocchio, A. Meini, L.D. Notarangelo, M. Duse, and A.G. Ugazio. 1996.
Defective expression of HLA class I and CDla molecules in boy with
Marfan-like phenotype and deep skin ulcers. J. Am. Acad. Dermatol. 35:
814-818. https://doi.org/10.1016/s0190-9622(96)90091-2

Alemayehu, T., and N.A. Gebeyehu. 2023. Recurrent infections in an
ethiopian boy with autosomal recessive major histocompatibility com-
plex type I deficiency: A case report on a very rare primary immuno-
deficiency disorder and a review of principles in evaluation and

Gadola et al.

Human MHC class | deficiency

3

—

32.

33.

3

g

35.

36.

37.

38.

3

Nel

40.

4

—_

4

n

43.

44.

45.

46.

[J25 ) I I
(r ‘(J I
L,Q'U

management. J. Clin. Immunol. 43:241-243. https://doi.org/10.1007/
510875-022-01381-8

. Darazam, I.A., A. Hakamifard, M. Momenilandi, M. Materna, F.J. Ghar-

ehbagh, M. Shahrooei, N.A. Olyaei, F.B. Zerehpoosh, A. Fayand, F.
Hatami, et al. 2023. Delayed diagnosis of chronic necrotizing
granulomatous skin lesions due to TAP2 deficiency. J. Clin. Im-
munol. 43:217-228. https://doi.org/10.1007/510875-022-01374-7
Espafia, A., C. Gonzalez-Santesteban, L. Martinez-Martinez, A. Bauza,
and O. de la Calle-Martin. 2010. A novel mutation in the TAP2 gene in
bare lymphocyte syndrome: Association with metastatic cutaneous
squamous cell carcinoma. Arch. Dermatol. 146:96-98. https://doi.org/10
.1001/archdermatol.2009.354

Konstantinou, P., M. Kanariou, S.C. Giliani, A. Pantelidaki, A. Kokolakis,
and A. Tosca. 2013. Transporter associated with antigen processing de-
ficiency syndrome: Case report of an adolescent with chronic perforated
granulomatous skin lesions due to TAP2 mutation. Pediatr. Dermatol. 30:
€223-e225. https://doi.org/10.1111/pde.12151

. de la Salle, H., X. Saulquin, I. Mansour, S. Klayme, D. Fricker, J. Zimmer,

J.-P. Cazenave, D. Hanau, M. Bonneville, E. Houssaint, et al. 2002.
Asymptomatic deficiency in the peptide transporter associated to anti-
gen processing (TAP). Clin. Exp. Immunol. 128:525-531. https://doi.org/10
.1046/j.1365-2249.2002.01862.x

Pottier, C., D. Kottler, C. Picard-Dahan, L. Deschamps, J. Rosain, F.
Suarez, ]. Bustamante, R. Borie, and V. Descamps. 2022. Granulomatose
cutanée secondaire a un déficit en TAPI traitée par infliximabCutaneous
granulomatosis secondary to TAP1 deficiency treated with infliximab.
Ann. Dermatol. Venereol. 2:290-294. https://doi.org/10.1016/j.fander.2021
.10.007

Dogu, F., A. Ikinciogullari, D. Fricker, G. Bozdogan, C. Aytekin, M. Ileri,
T. Tezig, E. Babacan, and H. De La Salle. 2006. A novel mutation for TAP
deficiency and its possible association with Toxoplasmosis. Parasitol. Int.
55:219-222. https://doi.org/10.1016/j.parint.2006.02.003

Donato, L., H. de la Salle, D. Hanau, M.M. Tongio, M. Oswald, A. Van-
devenne, and J. Geisert. 1995. Association of HLA class I antigen defi-
ciency related to a TAP2 gene mutation with familial bronchiectasis.
J. Pediatr. 127:895-900. https://doi.org/10.1016/s0022-3476(95)70024-2

Gao, Y., P.D. Arkwright, R. Carter, A. Cazaly, RJ. Harrison, A. Mant, A.J.
Cant, S. Gadola, T.J. Elliott, S.I. Khakoo, and A.P. Williams. 2016. Bone
marrow transplantation for MHC class I deficiency corrects T-cell im-
munity but dissociates natural killer cell repertoire formation from
function. J. Allergy Clin. Immunol. 138:1733-1736.2. https://doi.org/10
1016/}.jaci.2016.06.029

. Hanalioglu, D., D.C. Ayvaz, T.T. Ozgur, M. van der Burg, O. Sanal, and I.

Tezcan. 2017. A novel mutation in TAP1 gene leading to MHC class I
deficiency: Report of two cases and review of the literature. Clin. Im-
munol. 178:74-78. https://doi.org/10.1016/j.clim.2017.01.011

Villa-Forte, A., H. de la Salle, D. Fricker, F. Hentges, and J. Zimmer. 2008.
HLA class I deficiency syndrome mimicking Wegener’s granulomatosis.
Arthritis Rheum. 58:2579-2582. https://doi.org/10.1002/art.23675

. Law-Ping-Man, S., F. Toutain, F. Rieux-Laucat, C. Picard, S. Kammerer-

Jacquet, A. Magérus-Chatinet, A. Dupuy, and H. Adamski. 2018. Chronic
granulomatous skin lesions leading to a diagnosis of TAP1 deficiency
syndrome. Pediatr. Dermatol. 35:e375-e377. https://doi.org/10.1111/pde
13676

. Parissiadis, A., A. Dormoy, D. Fricker, D. Hanau, H. de la Salle, J.-P.

Cazenave, P. Lenoble, and L. Donato. 2005. Unilateral necrotising toxo-
plasmic retinochoroiditis as the main clinical manifestation of a peptide
transporter (TAP) deficiency. Br. J. Ophthalmol. 89:1661-1662. https://doi
.0rg/10.1136/bj0.2005.078097

Wang, Q., H. Su, J. Han, ]. Yang, and N. Lin. 2024. Case report: Rubella
virus-associated cutaneous granuloma in an adult with TAP1 deficiency.
Front. Immunol. 15:1366840. https://doi.org/10.3389/fimmu.2024
1366840

Maeda, H., R. Hirata, R.F. Chen, H. Suzaki, S. Kudoh, and H. Tohyama.
1985. Defective expression of HLA class I antigens: A case of the bare
lymphocyte without immunodeficiency. Immunogenetics. 21:549-558.
https://doi.org/10.1007/BF00395879

Watanabe, S., M. Iwata, H. Maeda, and Y. Ishibashi. 1987. Immunohis-
tochemical studies of major histocompatibility antigens in a case of the
bare lymphocyte syndrome without immunodeficiency. J. Am. Acad.
Dermatol. 17:895-902. https://doi.org/10.1016/50190-9622(87)70277-1

de la Salle, H., J. Zimmer, D. Fricker, C. Angenieux, ]J.P. Cazenave, M.
Okubo, H. Maeda, A. Plebani, M.M. Tongio, A. Dormoy, and D. Hanau.
1999. HLA class I deficiencies due to mutations in subunit 1 of the peptide

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250029

920z Atenuged 0| uo 3senb Aq 4pd 62006202 1Ul/L109v61/620052028/2/ 1 4pd-8lone/yl/Bio sseidnyj/:dny woy papeojumoq

14 of 16


https://doi.org/10.1073/pnas.88.22.10332
https://doi.org/10.1073/pnas.91.14.6520
https://doi.org/10.1016/s0092-8674(05)80068-6
https://doi.org/10.1016/s0092-8674(05)80068-6
https://doi.org/10.1016/0092-8674(93)90281-t
https://doi.org/10.1016/0092-8674(93)90281-t
https://doi.org/10.1073/pnas.91.14.6525
https://doi.org/10.1016/j.it.2011.06.001
https://doi.org/10.1038/s41467-019-08384-x
https://doi.org/10.1038/s41467-019-08384-x
https://doi.org/10.1126/sciimmunol.abb1662
https://doi.org/10.1016/j.cell.2022.07.004
https://doi.org/10.1016/s0140-6736(81)91922-x
https://doi.org/10.1046/j.1365-2249.2000.01264.x
https://doi.org/10.1093/qjmed/hci112
https://doi.org/10.70962/jhi.20250003
https://doi.org/10.70962/jhi.20250003
https://doi.org/10.70962/jhi.20250002
https://doi.org/10.70962/jhi.20250002
https://doi.org/10.1007/s10875-022-01289-3
https://doi.org/10.1007/s10875-022-01289-3
https://doi.org/10.1016/s0140-6736(99)04206-3
https://doi.org/10.1007/s00405-008-0610-3
https://doi.org/10.1007/s00405-008-0610-3
https://doi.org/10.1016/s0190-9622(96)90091-2
https://doi.org/10.1007/s10875-022-01381-8
https://doi.org/10.1007/s10875-022-01381-8
https://doi.org/10.1007/s10875-022-01374-7
https://doi.org/10.1001/archdermatol.2009.354
https://doi.org/10.1001/archdermatol.2009.354
https://doi.org/10.1111/pde.12151
https://doi.org/10.1046/j.1365-2249.2002.01862.x
https://doi.org/10.1046/j.1365-2249.2002.01862.x
https://doi.org/10.1016/j.fander.2021.10.007
https://doi.org/10.1016/j.fander.2021.10.007
https://doi.org/10.1016/j.parint.2006.02.003
https://doi.org/10.1016/s0022-3476(95)70024-2
https://doi.org/10.1016/j.jaci.2016.06.029
https://doi.org/10.1016/j.jaci.2016.06.029
https://doi.org/10.1016/j.clim.2017.01.011
https://doi.org/10.1002/art.23675
https://doi.org/10.1111/pde.13676
https://doi.org/10.1111/pde.13676
https://doi.org/10.1136/bjo.2005.078097
https://doi.org/10.1136/bjo.2005.078097
https://doi.org/10.3389/fimmu.2024.1366840
https://doi.org/10.3389/fimmu.2024.1366840
https://doi.org/10.1007/BF00395879
https://doi.org/10.1016/s0190-9622(87)70277-1
https://doi.org/10.70962/jhi.20250029

47.

48.

49.

50.

5

—

52.

53.

54.

55.

56.

57.

58.

59.

60.

6

—_

62.

63.

64.

65.

transporter TAPL. J. Clin. Invest. 103:R9-R13. https://doi.org/10.1172/
JCI5687

Furukawa, H., T. Yabe, K. Watanabe, R. Miyamoto, A. Miki, T. Akaza, K.
Tadokoro, S. Tohma, T. Inoue, K. Yamamoto, and T. Juji. 1999. Tolerance
of NK and LAK activity for HLA class I-deficient targets in a TAPI-
deficient patient (bare lymphocyte syndrome type I). Hum. Immunol.
60:32-40. https://doi.org/10.1016/s0198-8859(98)00097-4

Bhattarai, D., A.Z. Banday, S. Sharda, P.K. Patra, J.E. Walter, and K.E.
Sullivan. 2025. Novel inherited N-terminus TAP1 variants and severe
clinical manifestations- are genotype-phenotype correlations emerging?
J. Clin. Immunol. 45:63. https://doi.org/10.1007/510875-024-01856-w
Ramalingam, T.R., L. Vaidhyanathan, H.R. Nk, R. Uppuluri, and R. Raj.
2024. Clinical, immunological, and molecular findings in two patients
with MHC class I deficiency and post-transplant outcome. Pediatr. Allergy
Immunol. 35:e14196. https://doi.org/10.1111/pai.14196

Samarkandy, S., R. Khafaji, and A. Alshareef. 2024. Type I bare lym-
phocyte syndrome with novel TAP1 and TAP2 pathogenic variants. JAAD
Case Rep. 51:22-25. https://doi.org/10.1016/j.jdcr.2024.05.042

. Yabe, T., S. Kawamura, M. Sato, K. Kashiwase, H. Tanaka, Y. Ishikawa, Y.

Asao, J. Oyama, K. Tsuruta, K. Tokunaga, et al. 2002. A subject with a
novel type I bare lymphocyte syndrome has tapasin deficiency due to
deletion of 4 exons by Alu-mediated recombination. Blood. 100:
1496-1498. https://doi.org/10.1182/blood-2001-12-0252

Elsayed, A., S. von Hardenberg, F. Atschekzei, T. Graalmann, C. Jdnke, T.
Witte, F.C. Ringshausen, and G. Sogkas. 2024. Phenotypic and patho-
mechanistic overlap between tapasin and TAP deficiencies. J. Allergy Clin.
Immunol. 154:1069-1075. https://doi.org/10.1016/j.jaci.2024.06.003
Waldmann, T.A., and W.D. Terry. 1990. Familial hypercatabolic hypo-
proteinemia. A disorder of endogenous catabolism of albumin and im-
munoglobulin. J. Clin. Invest. 86:2093-2098. https://doi.org/10
.1172/JCI114947

Wani, M.A., L.D. Haynes, J. Kim, C.L. Bronson, C. Chaudhury, S. Mohanty,
T.A. Waldmann, J.M. Robinson, and C.L. Anderson. 2006. Familial hy-
percatabolic hypoproteinemia caused by deficiency of the neonatal Fc
receptor, FcRn, due to a mutant beta2-microglobulin gene. Proc. Natl.
Acad. Sci. USA. 103:5084-5089. https://doi.org/10.1073/pnas.0600548103
Ardeniz, 0., S. Unger, H. Onay, S. Ammann, C. Keck, C. Cianga, B.
Gergeker, B. Martin, I. Fuchs, U. Salzer, et al. 2015. B2-Microglobulin
deficiency causes a complex immunodeficiency of the innate and adap-
tive immune system. J. Allergy Clin. Immunol. 136:392-401. https://doi
.0rg/10.1016/j.jaci.2014.12.1937

Varshavsky, A. 2017. The ubiquitin system, autophagy, and regulated
protein degradation. Annu. Rev. Biochem. 86:123-128. https://doi.org/10
.1146/annurev-biochem-061516-044859

Elliott, T. 1997. Transporter associated with antigen processing. Adv.
Immunol. 65:47-109.

Thomas, C., and R. Tampé. 2020. Structural and mechanistic principles
of ABC transporters. Annu. Rev. Biochem. 89:605-636. https://doi.org/10
.1146/annurev-biochem-011520-105201

Blees, A., D. Januliene, T. Hofmann, N. Koller, C. Schmidt, S. Trowitzsch,
A. Moeller, and R. Tampé. 2017. Structure of the human MHC-I peptide-
loading complex. Nature. 551:525-528. https://doi.org/10.1038/
nature24627

Margulies, D.H., J. Jiang, J. Ahmad, L.F. Boyd, and K. Natarajan. 2023.
Chaperone function in antigen presentation by MHC class I molecules-
tapasin in the PLC and TAPBPR beyond. Front. Immunol. 14:1179846.
https://doi.org/10.3389/fimmu.2023.1179846

. Mantel, I., B.A. Sadiq, and J.M. Blander. 2022. Spotlight on TAP and its

vital role in antigen presentation and cross-presentation. Mol. Immunol.
142:105-119. https://doi.org/10.1016/j.molimm.2021.12.013

Ljunggren, H.G., N.J. Stam, C. Ohlén, J.J. Neefjes, P. Hoglund, M.T.
Heemels, . Bastin, T.N. Schumacher, A. Townsend, K. Kérre, et al. 1990.
Empty MHC class I molecules come out in the cold. Nature. 346:476-480.
https://doi.org/10.1038/346476a0

Behar, S.M., C.C. Dascher, M.]. Grusby, C.R. Wang, and M.B. Brenner.
1999. Susceptibility of mice deficient in CDID or TAP1 to infection with
Mycobacterium tuberculosis. J. Exp. Med. 189:1973-1980. https://doi.org/
10.1084/jem.189.12.1973

Schultz, H., S. Schinke, J. Weiss, V. Cerundolo, W.L. Gross, and S. Gadola.
2003. BPI-ANCA in transporter associated with antigen presentation
(TAP) deficiency: Possible role in susceptibility to gram-negative bac-
terial infections. Clin. Exp. Immunol. 133:252-259. https://doi.org/10
.1046/j.1365-2249.2003.02197.x

de la Salle, H., D. Hanau, D. Fricker, A. Urlacher, A. Kelly, J. Salamero,
S.H. Powis, L. Donato, H. Bausinger, and M. Laforet. 1994. Homozygous

Gadola et al.

Human MHC class | deficiency

66.

67.

68.

69.

70.

7

—

72

73.

74.

75.

76.

77.

78.

79.

80.

8

—_

82.

[J25 ) I I
(r ‘(J I
L,Q'U

human TAP peptide transporter mutation in HLA class I deficiency.
Science. 265:237-241. https://doi.org/10.1126/science.7517574

Hanna, S., and A. Etzioni. 2014. MHC class I and II deficiencies. J. Allergy
Clin. Immunol. 134:269-275. https://doi.org/10.1016/j.jaci.2014.06.001
Tsilifis, C., D. Moreira, L. Marques, E. Neves, M.A. Slatter, and A.R.
Gennery. 2021. Stem cell transplantation as treatment for major histo-
compatibility class I deficiency. Clin. Immunol. 229:108801. https://doi
.org/10.1016/j.clim.2021.108801

Willemsen, M., A. De Coninck, A. Goossens, ]. DeCree, and D. Roseeuw.
1995. Unusual clinical manifestation of a disfiguring necrobiotic granu-
lomatous disease. J. Am. Acad. Dermatol. 33:887-890. https://doi.org/10
.1016/0190-9622,(95)90429-8

Perelygina, L., J. Icenogle, and K.E. Sullivan. 2020. Rubella virus-
associated chronic inflammation in primary immunodeficiency
diseases. Curr. Opin. Allergy Clin. Immunol. 20:574-581. https://doi
.org/10.1097/ACI.0000000000000694

de la Salle, H., E. Houssaint, M.A. Peyrat, D. Arnold, J. Salamero, D.
Pinczon, S. Stevanovic, H. Bausinger, D. Fricker, E. Gomard, et al. 1997.
Human peptide transporter deficiency: Importance of HLA-B in the
presentation of TAP-independent EBV antigens. J. Immunol. 158:
4555-4563. https://doi.org/10.4049/jimmunol.158.10.4555

. Huczko, E.L., W.M. Bodnar, D. Benjamin, K. Sakaguchi, N.Z. Zhu, J.

Shabanowitz, R.A. Henderson, E. Appella, D.F. Hunt, and V.H. Engelhard.
1993. Characteristics of endogenous peptides eluted from the class I MHC
molecule HLA-B7 determined by mass spectrometry and computer
modeling. J. Immunol. 151:2572-2587. https://doi.org/10.4049/jimmunol
.151.5.2572

. Wei, M.L,, and P. Cresswell. 1992. HLA-A2 molecules in an antigen-

processing mutant cell contain signal sequence-derived peptides. Na-
ture. 356:443-446. https://doi.org/10.1038/356443a0

Wolfel, C., I. Drexler, A. Van Pel, T. Thres, N. Leister, W. Herr, G. Sutter,
C. Huber, and T. Wélfel. 2000. Transporter (TAP)- and proteasome-
independent presentation of a melanoma-associated tyrosinase
epitope. Int. J. Cancer. 88:432-438. https://doi.org/10.1002/1097
-0215(20001101)88:3<432::AID-1JC16>3.0.C0;2-9

Del Val, M., L.C. Antén, M. Ramos, V. Muiloz-Abad, and E. Campos-
Sanchez. 2020. Endogenous TAP-independent MHC-I antigen presen-
tation: Not just the ER lumen. Curr. Opin. Immunol. 64:9-14. https://doi
.org/10.1016/.c0i.2019.12.003

Zimmer, J., L. Donato, D. Hanau, ].P. Cazenave, M.M. Tongio, A. Moretta,
and H. de la Salle. 1998. Activity and phenotype of natural killer cells in
peptide transporter (TAP)-deficient patients (type I bare lymphocyte
syndrome). J. Exp. Med. 187:117-122. https://doi.org/10.1084/jem.187.1.117
Matamoros, N., J. Mila, M. Llano, A. Balas, J.L. Vicario, ]. Pons, C. Crespi,
N. Martinez, ]. Iglesias-Alzueta, and M. Lépez-Botet. 2001. Molecular
studies and NK cell function of a new case of TAP2 homozygous human
deficiency. Clin. Exp. Immunol. 125:274-282. https://doi.org/10.1046/j
.1365-2249.2001.01595.x

Tomasec, P., V.M. Braud, C. Rickards, M.B. Powell, B.P. McSharry, S.
Gadola, V. Cerundolo, L.K. Borysiewicz, A.J. McMichael, and G.W. Wil-
kinson. 2000. Surface expression of HLA-E, an inhibitor of natural killer
cells, enhanced by human cytomegalovirus gpUL40. Science. 287:1031.
https://doi.org/10.1126/science.287.5455.1031

Malmberg, K.-J., V. Beziat, and H.-G. Ljunggren. 2012. Spotlight on
NKG2C and the human NK-cell response to CMV infection. Eur.
J. Immunol. 42:3141-3145. https://doi.org/10.1002/€ji.201243050
Schlums, H., F. Cichocki, B. Tesi, J. Theorell, V. Beziat, T.D. Holmes, H.
Han, S.C.C. Chiang, B. Foley, K. Mattsson, et al. 2015. Cytomegalovirus
infection drives adaptive epigenetic diversification of NK cells with al-
tered signaling and effector function. Immunity. 42:443-456. https://doi
.org/10.1016/j.immuni.2015.02.008

Beziat, V., M. Sleiman, ].P. Goodridge, M. Kaarbg, L.L. Liu, H. Rollag, H.-
G. Ljunggren, J. Zimmer, and K.-J. Malmberg. 2015. Polyclonal expansion
of NKG2C(+) NK cells in TAP-deficient patients. Front. Immunol. 6:507.
https://doi.org/10.3389/fimmu.2015.00507

. Vitale, M., J. Zimmer, R. Castriconi, D. Hanau, L. Donato, C. Bottino, L.

Moretta, H. de la Salle, and A. Moretta. 2002. Analysis of natural killer
cells in TAP2-deficient patients: Expression of functional triggering re-
ceptors and evidence for the existence of inhibitory receptor(s) that
prevent lysis of normal autologous cells. Blood. 99:1723-1729. https://doi
.org/10.1182/blood.v99.5.1723

Markel, G., H. Mussaffi, K.-L. Ling, M. Salio, S. Gadola, G. Steuer, H. Blau,
H. Achdout, M. de Miguel, T. Gonen-Gross, et al. 2004. The mechanisms
controlling NK cell autoreactivity in TAP2-deficient patients. Blood. 103:
1770-1778. https://doi.org/10.1182/blood-2003-06-2114

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250029

920z Atenuged 0| uo 3senb Aq 4pd 62006202 1Ul/L109v61/620052028/2/ 1 4pd-8lone/yl/Bio sseidnyj/:dny woy papeojumoq

15 of 16


https://doi.org/10.1172/JCI5687
https://doi.org/10.1172/JCI5687
https://doi.org/10.1016/s0198-8859(98)00097-4
https://doi.org/10.1007/s10875-024-01856-w
https://doi.org/10.1111/pai.14196
https://doi.org/10.1016/j.jdcr.2024.05.042
https://doi.org/10.1182/blood-2001-12-0252
https://doi.org/10.1016/j.jaci.2024.06.003
https://doi.org/10.1172/JCI114947
https://doi.org/10.1172/JCI114947
https://doi.org/10.1073/pnas.0600548103
https://doi.org/10.1016/j.jaci.2014.12.1937
https://doi.org/10.1016/j.jaci.2014.12.1937
https://doi.org/10.1146/annurev-biochem-061516-044859
https://doi.org/10.1146/annurev-biochem-061516-044859
https://doi.org/10.1146/annurev-biochem-011520-105201
https://doi.org/10.1146/annurev-biochem-011520-105201
https://doi.org/10.1038/nature24627
https://doi.org/10.1038/nature24627
https://doi.org/10.3389/fimmu.2023.1179846
https://doi.org/10.1016/j.molimm.2021.12.013
https://doi.org/10.1038/346476a0
https://doi.org/10.1084/jem.189.12.1973
https://doi.org/10.1084/jem.189.12.1973
https://doi.org/10.1046/j.1365-2249.2003.02197.x
https://doi.org/10.1046/j.1365-2249.2003.02197.x
https://doi.org/10.1126/science.7517574
https://doi.org/10.1016/j.jaci.2014.06.001
https://doi.org/10.1016/j.clim.2021.108801
https://doi.org/10.1016/j.clim.2021.108801
https://doi.org/10.1016/0190-9622(95)90429-8
https://doi.org/10.1016/0190-9622(95)90429-8
https://doi.org/10.1097/ACI.0000000000000694
https://doi.org/10.1097/ACI.0000000000000694
https://doi.org/10.4049/jimmunol.158.10.4555
https://doi.org/10.4049/jimmunol.151.5.2572
https://doi.org/10.4049/jimmunol.151.5.2572
https://doi.org/10.1038/356443a0
https://doi.org/10.1002/1097-0215(20001101)88:3<432::AID-IJC16>3.0.CO;2-9
https://doi.org/10.1002/1097-0215(20001101)88:3<432::AID-IJC16>3.0.CO;2-9
https://doi.org/10.1016/j.coi.2019.12.003
https://doi.org/10.1016/j.coi.2019.12.003
https://doi.org/10.1084/jem.187.1.117
https://doi.org/10.1046/j.1365-2249.2001.01595.x
https://doi.org/10.1046/j.1365-2249.2001.01595.x
https://doi.org/10.1126/science.287.5455.1031
https://doi.org/10.1002/eji.201243050
https://doi.org/10.1016/j.immuni.2015.02.008
https://doi.org/10.1016/j.immuni.2015.02.008
https://doi.org/10.3389/fimmu.2015.00507
https://doi.org/10.1182/blood.v99.5.1723
https://doi.org/10.1182/blood.v99.5.1723
https://doi.org/10.1182/blood-2003-06-2114
https://doi.org/10.70962/jhi.20250029

83.

84.

85.

Zimmer, J., L. Donato, D. Hanau, ]J.P. Cazenave, A. Moretta, M.M.
Tongio, and H. de la Salle. 1999. Inefficient protection of human
TAP-deficient fibroblasts from autologous NK cell-mediated lysis
by cytokines inducing HLA class I expression. Eur. J. Immunol. 29:
1286-1291. https://doi.org/10.1002/(SICI)1521-4141(199904)29:
04<1286::AID-IMMU1286>3.0.CO;2-L

Michel, T., A. Poli, and J. Zimmer. 2017. Human leukocyte antigen class I
deficiencies. Clin. Immunol. 179:64-65. https://doi.org/10.1016/j.clim.2017
.03.009

Gobin, SJ., A. Peijnenburg, M. van Eggermond, M. van Zutphen, R. van
den Berg, and P.J. van den Elsen. 1998. The RFX complex is crucial for the
constitutive and CIITA-mediated transactivation of MHC class I and

Gadola et al.
Human MHC class | deficiency

86.

87.

88.

[ )
L,Q'U

beta2-microglobulin genes. Immunity. 9:531-541. https://doi.org/10.1016/
51074-7613(00)80636-6

Balk, S.P., S. Burke, J.E. Polischuk, M.E. Frantz, L. Yang, S. Porcelli, S.P.
Colgan, and R.S. Blumberg. 1994. Beta 2-microglobulin-independent
MHC class Ib molecule expressed by human intestinal epithelium. Sci-
ence. 265:259-262. https://doi.org/10.1126/science.7517575

Payne, R., F.M. Brodsky, B.M. Peterlin, and L.M. Young. 1983. “Bare
lymphocytes” without immunodeficiency. Hum. Immunol. 6:219-227.
https://doi.org/10.1016/0198-8859(83)90095-2

Sugiyama, Y., H. Maeda, K. Okumura, and F. Takaku. 1986. Progressive
sinobronchiectasis associated with the “bare lymphocyte syndrome” in
an adult. Chest. 89:398-401. https://doi.org/10.1378/chest.89.3.398

Journal of Human Immunity
https://doi.org/10.70962/jhi.20250029

920z Atenuged 0| uo 3senb Aq 4pd 62006202 1Ul/L109v61/620052028/2/ 1 4pd-8lone/yl/Bio sseidnyj/:dny woy papeojumoq

16 of 16


https://doi.org/10.1002/(SICI)1521-4141(199904)29:04<1286::AID-IMMU1286>3.0.CO;2-L
https://doi.org/10.1002/(SICI)1521-4141(199904)29:04<1286::AID-IMMU1286>3.0.CO;2-L
https://doi.org/10.1016/j.clim.2017.03.009
https://doi.org/10.1016/j.clim.2017.03.009
https://doi.org/10.1016/s1074-7613(00)80636-6
https://doi.org/10.1016/s1074-7613(00)80636-6
https://doi.org/10.1126/science.7517575
https://doi.org/10.1016/0198-8859(83)90095-2
https://doi.org/10.1378/chest.89.3.398
https://doi.org/10.70962/jhi.20250029

	Inborn errors of immunity affecting the MHC class I pathway for antigen presentation
	Introduction
	Inborn errors of immunity (IEI)
	IEI affecting the MHC class I expression
	MHC class I pathway for antigen processing and presentation
	Human TAP1 and TAP2 deficiencies
	Clinical spectrum of TAP1 and TAP2 deficiencies
	Outline placeholder
	Respiratory tract infections
	Granulomatous skin lesions
	Potential role of rubella virus in granulomas
	Partial phenotypes and HLA
	Additional clinical manifestations
	Viral infections
	Cancer risk


	Immunopathological aspects of TAP deficiency
	Treatment options in TAP deficiency
	Outline placeholder
	Antibiotics and supportive care
	Antituberculosis therapy and related observations
	Immunomodulatory approaches and cautionary tales
	Definitive treatment options


	Other human immune deficiencies affecting MHC class I expression
	Outline placeholder
	β2m deficiency
	Tapasin deficiency
	Additional reports


	Conclusion
	Acknowledgments
	References


