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Langerhans cell histiocytosis lesions are characterized by CD1a+ myeloid lineage LCH
cells and an inflammatory infiltrate of cytokines and immune cells, including T cells. T cells
that recognize CD1a may be implicated in the pathology of many disease states including
cancer and autoimmunity but have not been studied in the context of LCH despite the
expression of CD1a by LCH cells. In this perspective article, we discuss the expression of
CD1a by LCH cells, and we explore the potential for T cells that recognize CD1a to be
involved in LCH pathogenesis.
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INTRODUCTION

Langerhans cell histiocytosis (LCH) is a rare disorder characterized by an accumulation of myeloid
lineage ‘LCH’ cells that co-express CD1a and CD207 (1, 2). Alongside an inflammatory infiltrate of
cytokines and immune cells, the LCH cells form single or multiple lesions in various organs, with
common sites including osseous and cutaneous tissue (3). LCH can affect all ages, although it is
most commonly detected in infants and children. Relapse, long-term sequelae, and mortality effects
many patients, therefore a greater understanding of the mechanisms that cause disease and better
treatment options are required. The typical inflammatory environment within lesions suggests that
there are many potential targets for new immune based treatments worthy of investigating and
given their leading role in cell mediated immunity, T cells are key contenders.

LCH cells commonly harbor RAS/RAF/MEK/ERK pathway mutations, the most frequent of
which is BRAF V600E (4–10). LCH cells are suggested mostly to have myeloid cell origin and
similarities with antigen presenting cell lineages (11–15), although some lesions were recently found
to arise upstream of these lineages in multipotent progenitor cells (16). Given the comparability
with antigen presenting cell lineages, LCH cells likely have the ability to interact directly with T cells
through contact-dependent and -independent manners. Additionally, BRAF V600 mutations have
been detected in lymphocytes in a few instances (16, 17). T cells thus may be critical to LCH
pathogenesis and indeed this has already been suggested for various reasons, such as the presence of
cytokines suggestive of T cell activation (18, 19), and an enrichment of Foxp3+ regulatory T cells
(Tregs), which are known for their immunosuppressive properties, within lesions (7-30% of total T
cells) and blood from patients with active LCH (20, 21). Furthermore, cytotoxic T cell subsets have
been highlighted in the LCH literature of late. These include CD8+CD56+ T cells and mucosal
associated invariant T (MAIT) cells, which are both reduced in the peripheral blood of patients with
LCH (median <1% of total T cells for each subset) (21, 22).
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It is unsurprising that T cells would be involved in LCH
pathogenesis given that LCH cells have been described as
differentiating from monocytes (13, 14) or CD1c+ blood derived
dendritic cells (DCs) (11, 12), thus probably capable of presenting
antigen to T cells. LCH cells were reported to have mostly
internalized major histocompatibility complex (MHC) II (23,
24), which limits the likelihood of peptide antigen presentation
by LCH cells to CD4+ T cells within lesions. In contrast to their
expression of MHC II, LCH cells almost ubiquitously express
CD1a on their surface, and CD1a is known to house a range of
endogenous and exogenous lipids, some of which can prime T
cells for specific immune responses (25–31).

Group 1 CD1-restricted T cells collectively, which include T
cells that recognize CD1a, have been suggested as prime
candidates of immunotherapeutic potential by experts in the
field (32, 33). This concept arose from both primary studies, and
because of parallels emerging amongst these subsets and other
more well-established unconventional T cell subsets such as type I
natural killer T (NKT) cells and MAIT cells, that interact with
non-polymorphic MHC-like molecules, and are able to bias
immune responses (32–37). Examples of primary studies are
those which demonstrated CD1-restricted T cell recognition of
tumor derived lipids and cytotoxicity towards tumor cells (38, 39).

Compared to MAIT cells and type I NKT cells, to date little is
known about T cells that recognize CD1a. We do know, however,
that CD1a expression is altered in several disease models (40),
including aberrant expression in cancers such as hairy cell
leukemia (41) and some T lymphoblastic lymphomas (42).
Aside from its association with LCH, CD1a is also linked with
autoimmune skin diseases such as atopic eczema (43, 44) and
psoriasis (45), thus T cells that recognize CD1a may be
implicated in the pathology of many disease states, including
cancer and autoimmunity. T cells that recognize CD1a have been
detected in the skin and blood from healthy individuals using a
variety of lipids in the form of endogenous ligands and
exogenous antigens (25–27, 46). T cells that recognize CD1a
have not been studied in the context of LCH but given the
expression of CD1a by LCH cells, they may be involved in LCH
pathogenesis. In this article the expression of CD1a in LCH and
the plausible relationship between CD1a and T cells in LCH will
be discussed.
CD1A MOLECULES

CD1 molecules differ to classical MHC molecules because they
display a large hydrophobic groove (47) that can present lipids
and glycolipids to T cells (48) rather than the typical MHC
format of peptide presentation (Figure 1). The CD1 groove
consists of two large pockets, namely the A’ pocket and the F’
pocket, which can accommodate lipids with either short fatty
acid tails combined with spacer lipids, or lipids with longer fatty
acid tails (49–51) (Figure 1). CD1 complexes have some
structural similarities to MHC I, for example both CD1 and
MHC I molecules are associated with beta2 microglobulin
(Figure 1). CD1 molecules may also share functional features
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with MHC II, as the invariant chain chaperone (CD74) that is
involved in assembly and trafficking of MHC II is possibly
associated with CD1 molecules and their trafficking (52). A key
feature of CD1 molecules is their non-polymorphism, which
means that targeting these molecules and/or the T cells they
interact with may have the benefit of being a one-size-fits-all
treatment approach in contrast to targeting highly polymorphic
MHC molecules.
CD1A EXPRESSION IN LCH LESIONS

CD1a is one of the diagnostic indicators for, and a hallmark of
LCH. Expressed on the surface of LCH cells, the exact role of
CD1a in LCH is unknown, but given its ubiquity, it could be a
principal factor in LCH pathogenesis. An exciting CD1a-
targeting treatment prospect highlighted in recent literature is
CD1a chimeric antigen receptor T cell therapy (53). This
technique has displayed promising preclinical results in the
treatment of primary CD1a-expressing cortical T cell acute
lymphoblastic leukemia cells (53). The clinical results may
have implications for the treatment of LCH too, given the
authors suggest its potential use in LCH due to the expression
of CD1a by LCH cells and the low risk of off-target toxicity (53).

It is not currently understood why CD1a expression occurs on
LCH cells and what the consequences of this expression are.
Whilst it may be cytokine-induced, there are many studies that
suggest varied conditions affect the expression of CD1a by antigen
processing and presenting cells (54–56). CD1a can be upregulated
by monocytes in the presence of stimuli such as phospholipids
(phosphatidylcholine) or lectins (phytohemagglutinin) (54). In
contrast, the environmental pollutants, polycyclic aromatic
hydrocarbons (PAHs), were shown to inhibit CD1a expression
in monocytes in the presence of dendritic cell (DC) differentiation
cytokines, granulocyte-macrophage colony-stimulating factor
(GM-CSF) and interleukin-4 (IL-4), but these pollutants did not
alter CD1a expression by mature DCs (55). PAHs also impaired
monocyte-derived DC maturation and consequently these cells
poorly stimulated T cells in mixed leukocyte reactions (55). This
impairment is akin to that observed in LCH cells, although the
addition of CD40 ligand increased the allostimulatory activity of
LCH cells (23). It would be compelling to know what effect this
correction had on CD1a expression levels in LCH. There are
abundant other factors, including lower than optimal temperature
conditions (57), that can impact the regulation of CD1a. Whether
one or more of these factors or an unknown mechanism is
intrinsic to regulating CD1a expression in LCH lesions remains
to be elucidated. Irrespective of how this occurs, CD1a expression
in the peripheral blood by LCH-like cells and in lesions by T cells
and LCH cells is likely important. The CD1a complex can bind a
variety of lipids, some of which can prime T cells for specific
immune responses (28), thus there are conceivable downstream
signaling responses occurring as a result of CD1a expression.
These T cells that can recognize and/or respond to CD1a-lipid
complexes will be referred to herein as CD1a-restricted T cells.
December 2021 | Volume 12 | Article 773598
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CD1A-RESTRICTED T CELLS AND THEIR
POTENTIAL IMPACT IN LCH

CD1a-restricted T cells play a vital role in skin immunity (58),
however the circulatory presence of these cells also infers a
probable role for them more systemically in other host tissues
(25, 28). This highly specialized subset of T cells are prime
candidates for potentially influencing inflammation in LCH.
There are a variety of known lipids that CD1a can bind, some
of which have been shown to activate T cells or at least be
recognized by the T cell receptor expressed by CD1a-restricted
T cells. CD1a can bind several naturally occurring endogenous
ligands such as squalene, wax esters and triacylglycerides
commonly found in the skin oil (28). CD1a is also known to
bind sphingomyelin, which is found in cell membranes andmyelin
sheath (31). Kasmar and colleagues (27) found that CD1a can bind
the mycobacterial lipopeptide antigen dideoxymycobactin
(DDM). The study found CD1a-DDM tetramer+ T cells in the
peripheral blood of tuberculosis patients and showed that DDM is
capable of binding to a recombinant TCR following incubation
with CD1a (27). Additionally, the self-lipid galactosylceramide 3-
sulfate (sulfatide) can stimulate multiple categories of CD1-
restricted T cells including CD1a-restricted T cells (59).
Frontiers in Immunology | www.frontiersin.org 3
Phosphatidylcholine can activate CD1a-restricted T cells (60)
and T cells were also reported to recognize CD1a-bound
lysophosphatidylcholine (LPC) (31), both of which can be
microbial- or self-derived. Other studies demonstrated that bee-
venom and house dust mite derived phospholipase can generate
small neo-antigens, for example free fatty acids and
lysophospholipids from common phosphodiacylglycerides,
which can in turn activate T cells via CD1a (29, 61). Plant-
derived urushiol was also shown to trigger CD1a-dependent
inflammation by CD4+ T helper (Th) cells (58). There are
perhaps still many unknown lipids, either endogenous or
exogenous that can bind CD1a and command a T cell response.

Little is known about the characteristic immune response of
CD1a-restricted T cells. T cells that recognize CD1a can express
the skin homing C-C chemokine receptors CCR4, CCR6 and
CCR10 and produce IL-22, interferon gamma, TNF, GM-CSF
and IL-13 (25, 28, 61). The production of these cytokines upon
recognition of lipids presented by CD1a indicates that CD1a-
restricted T cells can produce a Th1, Th2 or Th22 response (25–
27, 61). Additionally, a preliminary study by the de Jong group
[unpublished data reported by de Jong et al (62)] found CD1a-
autoreactive T cells have clustered transcriptionally with Tregs.
These studies suggest that alike other unconventional T cell
FIGURE 1 | Antigen presentation by CD1a and MHC I. CD1a and MHC (Major histocompatibility complex) I are both membrane-bound complexes that can present
antigen to T cells via the T cell receptor (TCR). Both complexes associate with beta2 microglobulin (b2M). MHC I presents peptide antigen to CD8+ T cells, while
CD1a complexes can house lipids in both the A’ pocket and F’ pocket of their large hydrophobic grove and present these lipids to CD1a-restricted T cells.
December 2021 | Volume 12 | Article 773598
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lineages, CD1a-restricted T cells can bias an immune response.
Moreover, studies have shown that TCRs can directly bind CD1a
when permissive lipids such as phosphatidylcholine and other
endogenous ligands form a complex with CD1a but do not
protrude from the groove (20), which suggests that TCRs are able
to directly recognize CD1a molecules. This implies that in
addition to the type of lipid within the environment, the
expression levels of CD1a in a particular environment may be
a crucial factor in immunogenicity irrespective of the specific
lipids being housed. It is possible that CD1a-restricted T cells are
capable of additional immune responses, but our knowledge of
their functions is currently limited.

Frequencies of antigen specific unconventional T cell subsets are
commonly higher than frequencies of peptide antigen-specific
conventional T cells. CD1a autoreactive T cell frequencies are
similar to type I NKT cells and somewhat lower than MAIT cells.
Recent research demonstrated that 1% of skin T cells produced
cytokines in a CD1a-dependent manner without the addition of
antigens (46). If CD1a-restricted T cells are activated by LCH cells
they might proliferate within lesions and/or display an activated
phenotype and produce cytokines that contribute to the
inflammatory environment. Given the expression of LCH-like
precursor cells found in the blood (63, 64) we could conceivably
see changes due to CD1a-restricted T cells in the peripheral blood
from LCH patients too. If CD1a-restricted T cells are present,
activated or increased in frequencywithin LCH lesions, this may be
a direct result of CD1a expression by LCH cells, and could even
suggest antigenicity within lesions. Given we have previously
detected a reduction in CD8+CD56+ T cells in patients with
active LCH and highlighted a potential role for cytotoxic T cells
in LCH pathogenesis (21) it would not be out of the question to
consider that pro-inflammatory cytokine producing CD1a-
autoreactive cells could have a potential role in the treatment of
LCH. CD1a tetramers, which have only become available recently,
may be useful to identify whether CD1a-restricted T cells are
present in lesions or blood of patients with LCH and further
indicate if they are involved in LCH pathogenesis. A caveat to
testing LCH tissueswithCD1a tetramers is thatwe don’t knowhow
many lipids there are that are not currently known to bind CD1a,
but potentially could. Using unloaded tetramers (46, 65) may
resolve this in the context of investigating CD1a autoreactivity.

Interestingly, bee-venom phospholipase A2, which can trigger
CD1a-dependent T cell activation, can also induce Foxp3+ Treg
expansion through themodulation of apoptosis (66). This indicates
that a mechanism that is responsible for CD1a-restricted T cell
activation can also induce aTreg response, suchas that seen in those
with LCH. Whether this is true for LCH is worthy of investigation
given the expression of both CD1a and an enrichment of Tregs in
Frontiers in Immunology | www.frontiersin.org 4
LCH lesions, and considering the transcriptional clustering of
CD1a-autoreactive T cells with Tregs. Of note Tregs in LCH
lesions express CD56 (21). This marker, known as neural cell
adhesion molecule, is not usually expressed by Tregs, but is often
seen on unconventional T cell subsets (67–69). These CD56-
expressing Tregs could conceivably originate from an
unconventional T cell lineage, although studies are needed to
determine their origin. It is unknown whether CD1a-restricted T
cells are present inLCHlesions, but given theexpressionofCD1aby
LCH cells it is possible that there could be direct interactions
between LCH cells and CD1a-restricted T cells, and indeed there
are already established interactions between LCH cells and Tregs
within lesions (20). Research into the associations between CD1a
expression, CD1a-restricted T cells and Tregs in LCH lesions are
certainly warranted as there is potential to unlock a keymechanism
in LCH.

CONCLUDING REMARKS

In this review, we have discussed what is currently known about
CD1a expression in LCH and we highlighted the possible
impacts that CD1a expression in lesions might have on T cells.
Whilst there is prospective opportunity to target these cells to
develop new immunotherapies, first we must better understand
their precise role in the immune system and LCH alike. As our
knowledge of this new subset of unconventional T cells increases,
and reagents to facilitate studies become available, investigating
the role of CD1a-restricted T cells in LCH is essential to directly
addressing whether CD1a expression by LCH cells influences T
cell function in patients with LCH.
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Differentiation of Langerhans Cells in Langerhans Cell Histiocytosis. Blood
(2001) 97:1241–8. doi: 10.1182/blood.V97.5.1241
Frontiers in Immunology | www.frontiersin.org 5
24. Redd L, Schmelz M, Burack WR, Cook JR, Day AW, Rimsza L. Langerhans
Cell Histiocytosis Shows Distinct Cytoplasmic Expression of Major
Histocompatibility Class II Antigens. J Hematop (2016) 9:107–12. doi:
10.1007/s12308-016-0272-9

25. de Jong A, Peña-Cruz V, Cheng TY, Clark RA, Van Rhijn I, Moody DB.
CD1a-Autoreactive T Cells Are a Normal Component of the Human ab T
Cell Repertoire. Nat Immunol (2010) 11:1102–9. doi: 10.1038/ni.1956

26. de Lalla C, Lepore M, Piccolo FM, Rinaldi A, Scelfo A, Garavaglia C, et al.
High-Frequency and Adaptive-Like Dynamics of Human CD1 Self-Reactive T
Cells. Eur J Immunol (2011) 41:602–10. doi: 10.1002/eji.201041211

27. Kasmar AG, Van Rhijn I, Magalhaes KG, Young DC, Cheng T-Y, Turner MT,
et al. Cutting Edge: CD1a Tetramers and Dextramers Identify Human
Lipopeptide-Specific T Cells Ex Vivo. J Immunol (2013) 191:4499–503. doi:
10.4049/jimmunol.1301660

28. de Jong A, Cheng T, Huang S, Gras S, Birkinshaw W, Kasmar A, et al. CD1a
Autoreactive T Cells Recognise Natural Skin Oils That Function as Headless
Antigens. Nat Immunol (2014) 15:177–85. doi: 10.1038/ni.2790

29. Bourgeois EA, Subramaniam S, Cheng T-Y, de Jong A, Layre E, Ly D, et al. Bee
Venom Processes Human Skin Lipids for Presentation by CD1a. J Exp Med
(2015) 212:149–63. doi: 10.1084/jem.20141505

30. Cheng JMH, Liu L, Pellicci DG, Reddiex SJJ, Cotton RN, Cheng TY, et al.
Total Synthesis of Mycobacterium Tuberculosis Dideoxymycobactin-838 and
Stereoisomers: Diverse CD1a-Restricted T Cells Display a Common
Hierarchy of Lipopeptide Recognition. Chem A Eur J (2017) 23:1694–701.
doi: 10.1002/chem.201605287

31. Birkinshaw RW, Pellicci DG, Cheng TY, Keller AN, Sandoval-Romero M,
Gras S, et al. ab T Cell Antigen Receptor Recognition of CD1a Presenting Self
Lipid Ligands. Nat Immunol (2015) 16:258–66. doi: 10.1038/ni.3098

32. Mori L, Lepore M, De Libero G. The Immunology of CD1- and MR1-
Restricted T Cells. Annu Rev Immunol (2016) 34:479–510. doi: 10.1146/
annurev-immunol-032414-112008

33. Godfrey DI, Le Nours J, Andrews DM, Uldrich AP, Rossjohn J.
Unconventional T Cell Targets for Cancer Immunotherapy. Immunity
(2018) 48:453–73. doi: 10.1016/j.immuni.2018.03.009

34. Rossjohn J, Gras S, Miles JJ, Turner SJ, Godfrey DI, McCluskey J. T Cell
Antigen Receptor Recognition of Antigen-Presenting Molecules. Annu Rev
Immunol (2015) 33:169–200. doi: 10.1146/annurev-immunol-032414-112334

35. Godfrey DI, Uldrich AP, McCluskey J, Rossjohn J, Moody DB. The
Burgeoning Family of Unconventional T Cells. Nat Immunol (2015)
16:1114–23. doi: 10.1038/ni.3298

36. Lepore M, Mori L, De Libero G. The Conventional Nature of Non-MHC-
Restricted T Cells. Front Immunol (2018) 9:1–11. doi: 10.3389/
fimmu.2018.01365

37. Pellicci DG, Koay HF, Berzins SP. Thymic Development of Unconventional T
Cells: How NKT Cells, MAIT Cells and gd T Cells Emerge. Nat Rev Immunol
(2020) 20:756–70. doi: 10.1038/s41577-020-0345-y

38. Lepore M, de Lalla C, Gundimeda SR, Gsellinger H, Consonni M, Garavaglia
C, et al. A Novel Self-Lipid Antigen Targets Human T Cells Against CD1c(+)
Leukemias. J Exp Med (2014) 211:1363–77. doi: 10.1084/jem.20140410

39. Lepore M, de Lalla C, Mori L, Dellabona P, De Libero G, Casorati G. Targeting
Leukemia by CD1c-Restricted T Cells Specific for a Novel Lipid Antigen.
Oncoimmunology (2015) 4:1–3. doi: 10.4161/21624011.2014.970463

40. Siddiqui S, Visvabharathy L, Wang CR. Role of Group 1 CD1-Restricted T
Cells in Infectious Disease. Front Immunol (2015) 6:337. doi: 10.3389/
fimmu.2015.00337

41. De Panfilis G, Manara GC, Ferrari C, Torresani C, Sansoni P. Hairy Cell
Leukemia Cells Express CD1a Antigen. Cancer (1988) 61:52–7. doi: 10.1002/
1097-0142(19880101)61:1<52::AID-CNCR2820610110>3.0.CO;2-2

42. Cortelazzo S, Ferreri A, Hoelzer D, Ponzoni M. Lymphoblastic Lymphoma. Crit
Rev Oncol Hematol (2017) 113:304–17. doi: 10.1016/j.critrevonc.2017.03.020

43. Hussein MR. Evaluation of Langerhans’ Cells in Normal and Eczematous
Dermatitis Skin by CD1a Protein Immunohistochemistry: Preliminary
Findings. J Cutan Pathol (2008) 35:554–8. doi: 10.1111/j.1600-
0560.2007.00861.x

44. Oji V, Seller N, Sandilands A, Gruber R, Gerß J, Hüffmeier U, et al. Ichthyosis
Vulgaris: Novel FLG Mutations in the German Population and High Presence
of CD1a+ Cells in the Epidermis of the Atopic Subgroup. Br J Dermatol (2009)
160:771–81. doi: 10.1111/j.1365-2133.2008.08999.x
December 2021 | Volume 12 | Article 773598

https://doi.org/10.1371/journal.pone.0033891
https://doi.org/10.1371/journal.pone.0033891
https://doi.org/10.1378/chest.12-1917
https://doi.org/10.1002/gcc.22247
https://doi.org/10.1182/blood-2014-05-577825
https://doi.org/10.1182/blood-2014-05-577361
https://doi.org/10.1182/blood-2014-05-577361
https://doi.org/10.18632/oncotarget.2061
https://doi.org/10.1182/blood-2014-08-593582
https://doi.org/10.1182/blood-2014-08-593582
https://doi.org/10.1182/blood-2016-12-757823
https://doi.org/10.1182/blood-2016-12-757823
https://doi.org/10.1182/blood-2012-02-410241
https://doi.org/10.1182/blood-2012-02-410241
https://doi.org/10.1002/JLB.1A0318-098R
https://doi.org/10.1111/j.1365-2141.2011.08915.x
https://doi.org/10.1182/blood.2020005209
https://doi.org/10.1111/bjh.17721
https://doi.org/10.1182/blood.V94.12.4195
https://doi.org/10.1371/journal.pmed.0040253
https://doi.org/10.1016/j.clim.2020.108418
https://doi.org/10.1038/s41598-018-34873-y
https://doi.org/10.1182/blood.V97.5.1241
https://doi.org/10.1007/s12308-016-0272-9
https://doi.org/10.1038/ni.1956
https://doi.org/10.1002/eji.201041211
https://doi.org/10.4049/jimmunol.1301660
https://doi.org/10.1038/ni.2790
https://doi.org/10.1084/jem.20141505
https://doi.org/10.1002/chem.201605287
https://doi.org/10.1038/ni.3098
https://doi.org/10.1146/annurev-immunol-032414-112008
https://doi.org/10.1146/annurev-immunol-032414-112008
https://doi.org/10.1016/j.immuni.2018.03.009
https://doi.org/10.1146/annurev-immunol-032414-112334
https://doi.org/10.1038/ni.3298
https://doi.org/10.3389/fimmu.2018.01365
https://doi.org/10.3389/fimmu.2018.01365
https://doi.org/10.1038/s41577-020-0345-y
https://doi.org/10.1084/jem.20140410
https://doi.org/10.4161/21624011.2014.970463
https://doi.org/10.3389/fimmu.2015.00337
https://doi.org/10.3389/fimmu.2015.00337
https://doi.org/10.1002/1097-0142(19880101)61:1%3C52::AID-CNCR2820610110%3E3.0.CO;2-2
https://doi.org/10.1002/1097-0142(19880101)61:1%3C52::AID-CNCR2820610110%3E3.0.CO;2-2
https://doi.org/10.1016/j.critrevonc.2017.03.020
https://doi.org/10.1111/j.1600-0560.2007.00861.x
https://doi.org/10.1111/j.1600-0560.2007.00861.x
https://doi.org/10.1111/j.1365-2133.2008.08999.x
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Mitchell and Kannourakis CD1a Expression in LCH
45. Alshenawy HA, Hasby EA. Immunophenotyping of Dendritic Cells in
Lesional, Perilesional and Distant Skin of Chronic Plaque Psoriasis. Cell
Immunol (2011) 269:115–9. doi: 10.1016/j.cellimm.2011.03.015

46. Cotton RN, Cheng TY, Wegrecki M, Le Nours J, Orgill DP, Pomahac B, et al.
Human Skin is Colonized by T Cells That Recognize CD1a Independently of
Lipid. J Clin Invest (2021) 131:e140706. doi: 10.1172/JCI140706

47. Zeng ZH, Castaño AR, Segelke BW, Stura EA, Peterson PA, Wilson IA.
Crystal Structure of Mouse CD1: An MHC-Like Fold With a Large
Hydrophobic Binding Groove. Science (80-) (1997) 277:339–45. doi:
10.1126/science.277.5324.339

48. Porcelli S, Morita CT, Brenner MB. CDlb Restricts the Response of Human
CD4-8-T Lymphocytes to a Microbial Antigen. Nature (1992) 360:593–7. doi:
10.1038/360593a0

49. Teyton L. Role of Lipid Transfer Proteins in Loading CD1 Antigen-Presenting
Molecules. J Lipid Res (2018) 59:1367–73. doi: 10.1194/jlr.R083212

50. Zajonc DM, Maricic I, Wu D, Halder R, Roy K, Wong C-H, et al. Structural
Basis for CD1d Presentation of a Sulfatide Derived From Myelin and Its
Implications for Autoimmunity. J Exp Med (2005) 202:1517–26. doi: 10.1084/
jem.20051625

51. Van Rhijn I, Godfrey DI, Rossjohn J, Moody DB. Lipid and Small-Molecule
Display by CD1 and MR1. Nat Rev Immunol (2015) 15:643–54. doi: 10.1038/
nri3889

52. Jayawardena-Wolf J, Benlagha K, Chiu YH, Mehr R, Bendelac A. CD1d
Endosomal Trafficking Is Independently Regulated by an Intrinsic CD1d-
Encoded Tyrosine Motif and by the Invariant Chain. Immunity (2001)
15:897–908. doi: 10.1016/S1074-7613(01)00240-0
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