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The Journal of Immunology

A TCR b-Chain Motif Biases toward Recognition of Human
CD1 Proteins

Peter Reinink,*,†,1 Adam Shahine,‡,x,1 Stephanie Gras,‡,x Tan-Yun Cheng,†

Rachel Farquhar,‡,x Kattya Lopez,†,{ Sara A. Suliman,† Josephine F. Reijneveld,*,†,‖

Jérôme Le Nours,‡,x Li Lynn Tan,‡,x Segundo R. León,{ Judith Jimenez,{

Roger Calderon,{ Leonid Lecca,{ Megan B. Murray,#,**,†† Jamie Rossjohn,‡,x,‡‡

D. Branch Moody,† and Ildiko Van Rhijn*,†

High-throughput TCR sequencing allows interrogation of the human TCR repertoire, potentially connecting TCR sequences to

antigenic targets. Unlike the highly polymorphic MHC proteins, monomorphic Ag-presenting molecules such as MR1, CD1d,

and CD1b present Ags to T cells with species-wide TCR motifs. CD1b tetramer studies and a survey of the 27 published

CD1b-restricted TCRs demonstrated a TCR motif in humans defined by the TCR b-chain variable gene 4-1 (TRBV4-1) region.

Unexpectedly, TRBV4-1 was involved in recognition of CD1b regardless of the chemical class of the carried lipid. Crystal

structures of two CD1b-specific TRBV4-1+ TCRs show that germline-encoded residues in CDR1 and CDR3 regions of TRBV4-

1–encoded sequences interact with each other and consolidate the surface of the TCR. Mutational studies identified a key

positively charged residue in TRBV4-1 and a key negatively charged residue in CD1b that is shared with CD1c, which is also

recognized by TRBV4-1 TCRs. These data show that one TCR V region can mediate a mechanism of recognition of two related

monomorphic Ag-presenting molecules that does not rely on a defined lipid Ag. The Journal of Immunology, 2019, 203: 3395–3406.

M
ajor histocompatibility complex–encoded Ag-
presenting molecules and the structurally related
CD1 and MR1 molecules all present Ags to ab

T cells. In humans, the CD1 family consists of four cell surface–
expressed Ag-presenting molecules, CD1a, CD1b, CD1c, and
CD1d, that present lipids to T cells (1). Whereas MHC, CD1, and
MR1 proteins all display chemically diverse Ags, a major differ-
ence among them involves genetic diversity. Whereas the human
MHC locus shows the highest rates of polymorphism among ge-
nomes, polymorphisms in the coding regions of CD1 and MR1 are
rare. The few single-nucleotide polymorphisms in CD1 genes are
not known to control Ag presentation, suggesting that CD1 pro-
teins are functionally equivalent among most or all humans (2, 3).
These marked differences in the interindividual variability of
MHC, MR1, and CD1 Ag-presenting molecules, together with
their distinct structural features, potentially translate into differing
patterns of ab TCRs controlled by these systems.

Based on more than 100 solved MHC–peptide–TCR structures
(4–7), docking of TCRs on MHC is well understood in general
terms. First, the V domains of the a-chain and b-chain are posi-
tioned over the a2 helix and a1 helix of MHC class I, respectively.
Second, V gene–encoded CDR1 or CDR2 frequently interacts
with the outer a helices of MHC molecules. Despite notable ex-
ceptions (8, 9), this general structural model might predict that
certain MHC types or allomorphs preferentially interact with
certain V gene–encoded segments and that MHC haplotype biases
the selected TCR repertoire in ways that can be specifically
detected by sequencing of the TCR repertoire. However, there is
only limited data available to support this concept, and the
existing data only account for a minor association between MHC
haplotype and TCR gene bias (10). The alternative hypothesis is
that population-based genetic diversity in the MHC system, the
diversity of the bound peptides for any allomorph, and the fact
that each MHC molecule or allomorph can interact with many
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TCR V segments, all contribute to extreme TCR repertoire di-
versity, such that connections between individual MHC–peptide
complexes and TCR gene segments or sequences are presently
undecipherable. Discerning which of these two views is correct
is not only a fundamental question for immunologists but is of
potential practical importance, given rapid advances in high-
throughput TCR sequencing and emerging interest in immuno-
diagnosis based on TCR sequence bias in peripheral blood
T cells (11, 12).
Considering the entire human population, the HLA complex

system uses .10,000 allomorphs to present peptides (13), but
the human CD1 system uses essentially four monomorphic pro-
teins to present Ags, and the human MR1 system uses only one.
Thus, CD1 and MR1 can be thought of as genetically simple cases
to test questions relating to connection of individual Ags with
TCR gene bias. In the CD1 and MR1 systems, clear examples of
TCR bias, which extends broadly or universally to all humans,
have been identified. The most widely known example is type I
NKT cells, which recognize CD1d–a-galactosylceramide com-
plexes. In human type I NKT cells, TRAV10 genes rearrange to
TRAJ18 to form identical or almost-identical TCR a-chains that
pair with moderately diverse TCR b-chains. A more recently
discovered example is the GEM TCR that uses TRAV1-2–TRAJ9
genes with nearly identical TCR a-chains to recognize CD1b
bound to mycobacterial glucose monomycolate (GMM) Ags (14,
15). Similarly, the monomorphic MR1 displays vitamin B metab-
olites known as (2-oxopropylideneamino)-6-D-ribitylaminouracil
(5-OP-RU) to activate human MAIT TCRs with invariant TRAV1-
2–TRAJ33 a-chains (16), and coevolution between MR1 and
TRAV1-2 has been suggested (17).
In these three examples, the invariant TCR a-chains pair with

moderately diverse TCR b-chains to form “semi-invariant” TCRs.
Within one individual and among unrelated individuals, variations
of these invariant TCR a-chains are limited to a few nucleotide
substitutions, which is referred to as type 3 bias (18). These three
examples clearly establish linkages between named Ags and de-
fined TCR motifs, but whether TCR bias dominates in other parts
of the human CD1-reactive repertoire remains unknown. Human
CD1a, CD1b, and CD1c proteins also activate T cells with diverse
TCR patterns (19), and type II NKT cells that express diverse
TCRs are well described for humans and mice (20–25).
Based on six clones, we previously identified a human T cell type

known as LDN5-like T cells, which are named after the prototype
clone, LDN5 (26). We tentatively defined LDN5-like T cells by
specificity for CD1b and mycobacterial GMM, as well as the
expression of TRBV4-1– or TRAV17-utilizing TCRs (27). As
contrasted with type I NKT cells, MAIT cells, and GEM T cells,
LDN5-like T cells show lower affinity binding to their anti-
genic target and much less stringent TCR sequence conservation
(14, 15, 27): none of their TCR chains are invariant. In this study,
we used CD1b tetramers with defined but chemically diverse
lipid Ags to demonstrate a connection between CD1b recognition
and TRBV4-1 expression in clones, lines, and polyclonal T cells
from unrelated donors, demonstrating a broad relationship be-
tween a TCR V region and its protein target. Unexpectedly, these
studies show that TRBV4-1 expression correlates with CD1b
specificity but not with lipid Ag specificity. Thus, LDN5-like cells
are just one example of what is actually a broader pattern of
TRBV4-1 usage by CD1b-specific T cells. Finally, together with
the identification of TRBV4-1 enrichment in the human CD1c-
reactive T cell repertoire (28), these data spurred a crystal-
lographic study of two CD1b-specific TRBV4-1+ TCRs and
mutational analysis of TCR and CD1b. These studies provide
insights into how genome-encoded parts of the TRBV4-1+ TCR

could potentially mediate recognition across two distinct mono-
morphic Ag-presenting molecules.

Materials and Methods
Protein production, Ag loading, and tetramerization

For tetramers, 20 mg of CD1b monomers obtained from the National In-
stitutes Health tetramer facility was loaded with 32 mg of phosphatidyl-
glycerol (Avanti Polar Lipids), GMM (Bill and Melinda Gates Foundation
Lipid Bank), or synthetic Borrelia burgdorferi glycolipid II (BbGL-II; a
gift from J. Kubler-Kielb, National Institutes of Health). Lipids were
dissolved in citrate buffer (pH 4.5) with 0.5% CHAPS (Sigma) and in-
cubated overnight at 37˚C. After incubation, the pH was neutralized by
adding Tris (pH 8.5). As negative-control CD1b monomers were treated
in the same way without adding exogenous lipids. These CD1b proteins
carry endogenous lipids from the expression system (CD1b-endo). CD1b
mutants and wild-type (WT) control for experiments using these mutants
were produced in HEK293 S GnTI2 (American Type Culture Collection)
and purified via HisTrap metal chelating-Ni2+ affinity chromatography and
size exclusion. For surface plasmon resonance (SPR), purified CD1b was
loaded with a molar excess of C36 GMM (Bill and Melinda Gates
Foundation Lipid Bank) over a 16-h incubation period at 20˚C and purified
by anion exchange chromatography. Recombinant PG10 and clone 2 TCRs
were cloned into the pET30a vector, expressed in Escherichia coli
BL21(DE3) as insoluble inclusion bodies, refolded in 20 mM Tris-HCl
(pH 8.0), 5 M urea, 400 mM L-arginine, 0.5 mM Na-EDTA, 5 mM reduced
glutathione, and 0.5 mM oxidized glutathione for 3 d at 273 K, and purified
via size exclusion chromatography and anion exchange chromatography,
until homogeneity.

Crystallization and structure determination of PG10 and clone
2 TCRs

Crystals of the PG10 and clone 2 TCRs were grown by hanging drop vapor
diffusion, with a protein–mother liquor drop ratio of 1:1 at a protein
concentration of 5 mg ml21 in 10 mM Tris-HCl (pH 8.0) and 150 mM
NaCl, with a crystallization condition of 22% (v/v) PEG 3350 and 0.2 M
ammonium sulfate. Crystals were soaked in a cryoprotectant of mother
liquor comprising 10% glycerol or ethylene glycol and flash-frozen in
liquid nitrogen. Data were collected at the Australian Synchrotron at the
MX2 Beamline (29) for both TCRs. Data were processed using the
iMosflm software and scaled using Aimless as part of the CCP4i Program
Suite (30). Crystal structures were solved by molecular replacement using
PHASER (31). Crystal structures of the PG90 TCR (Protein Data Bank
accession code 5WJO; https://www.rcsb.org/structure/5WJO) and GEM42
TCR (Protein Data Bank accession code 4G8F; https://www.rcsb.org/
structure/4G8F) were used as models for solving PG10 and clone 2, re-
spectively. Manual adjustment of solved models was conducted in the
Coot graphics program (32), followed by maximum-likelihood refinement
using phenix.refine (31). All molecular representations were generated in
PyMOL. Core root mean squared deviation (r.m.s.d.) values were calcu-
lated using Coot (32) with alignments of the TCRs that were generated
against the TCR constant domains.

SPR of clone 2 and CD1b-GMM

SPR analysis of CD1b-GMM and clone 2 TCR WT and mutants was
conducted on the BIAcore 3000 instrument at 20˚C in 10 mM Tris-HCl (pH
8.0), 150 mM NaCl, and 0.5% (w/v) BSA. WT and mutant CD1b-GMM
expressing a BirA tag were biotinylated and noncovalently coupled to a
streptavidin chip. Purified refolded clone 2 in solution was passed over
CD1b as the analyte at 5 ml/min. All experiments were conducted as two
independent experiments in duplicate. Data analysis and visualization were
conducted using GraphPad Prism 7.0, using the 1:1 Langmuir binding
model.

Human subjects

PBMC were isolated from venous blood from donors in Lima, Peru, that
were recruited under oversight from the Institutional Committee of Ethics in
Research of the Peruvian Institutes of Health, the Institutional Review
Board of the Harvard Faculty of Medicine, and the Partners Healthcare
Institutional Review Board. Peruvian patients provided oral and written
informed consent in Spanish and met study criteria for lack of prior tu-
berculosis infection, defined as negative Quantiferon test result and no
clinical evidence of active tuberculosis. Separately, random blood bank
donor-derived PBMC were obtained from the Brigham and Women’s
Hospital Specimen Bank (Boston, MA) or donated by an asymptomatic
tuberculin skin test–positive subject with no clinical or radiographic
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evidence of active tuberculosis at the Massachusetts General Hospital
blood bank (Boston, MA).

T cell lines

The previously published primary T cell lines A25Salmonella, which
contains the clones PG10 and PG90 (33), LDN5 (26), BC24A, BC24B, and
BC24C (34) were grown by stimulation with 30 ng/ml anti-CD3 Ab, 25 3
106 irradiated PBMC and 53 106 irradiated EBV-transformed B cells, and
1 ng/ml IL-2, which was added on day 2 of the culture. To study tetramer
binding to the GEM42 TCR, we used a TCR-transduced 5KC-78.3.20
hybridoma (14, 15). To generate primary TRBV4-1+ and TRBV4-12

T cell lines, PBMC from random blood bank donor D43 were stained with
anti-CD3 (555342; BD Biosciences) and anti–TRBV4-1 (IM2287; Beck-
man Coulter). Cells were sorted on a BD FACSAria (BD Biosciences),
and lymphocytes were selected based on forward scatter and side scatter. A
total of 1 3 106 CD3+TRBV4-1+ and 1 3 106 CD3+TRBV4-12 cells were
sorted. After 2 wk of stimulation as described above, both cells were
stained with anti-CD3 and anti–TRBV4-1 Abs to check purity.

Single-cell TCR sequencing

To each well of a Vapor-Lock (QIAGEN)–coated 96-well plate (Eppen-
dorf), a mixture of 0.5 ml of 53 reaction buffer, 0.5 ml of reverse tran-
scriptase (Iscript; Bio-Rad), and 1.25 ml of H2O was added, with a final
concentration of 0.1% 4-(1,1,3,3-tetramethylbutyl)phenyl-polyethylene
glycol (Triton X-100). Single cells were sorted into individual wells in
this 96-well plate using a FACSAria cell sorter (BD Biosciences). The
plate was centrifuged at 3000 rpm at 4˚C for 10 min. For cDNA synthesis,
the plate was incubated at 25˚C for 5 min, followed by 42˚C for 30 min and
80˚C for 5 min. TCR transcripts were amplified in two subsequent nested
PCRs. The primary reaction consisted of 2.5 ml of the cDNA synthesis
reaction mixture as a template, 0.75 U of Taq Polymerase (Denville), 2.5
ml of 103 PCR buffer (Denville), 0.5 ml of 10 mM dNTPs, 2.5 pmol of
each external TRAV and TRBV primer, 10 pmol of antisense TRAC, and
10 pmol of antisense TRBC primer as described by Wang et al. (35) in a
total volume of 25 ml. The following PCR conditions were used: 95˚C for
2 min; 35 cycles of 95˚C for 20 s, 50˚C for 20 s, and 72˚C for 45 s, fol-
lowed by 1 cycle of 72˚C for 7 min. This reaction mixture was used as a
template in two separate secondary PCRs. The mixtures are identical to the
primary PCR except that in one reaction, the internal TRAV and TRAC
primers were used, and in the other reaction, the internal TRBVand TRBC
primers as described by Wang et al. were used (35). The following PCR
conditions were used for the secondary PCR: 95˚C for 2 min; 35 cycles of
95˚C for 20 s, 56˚C for 20 s, and 72˚C for 45 s; followed by one cycle of
72˚C for 7 min. PCR products were analyzed by gel electrophoresis, and
a- and b-chain PCR products that resulted from the same single cell–
containing well were sequenced by Sanger sequencing.

Flow cytometry

T cells (3 3 106) and tetramers (0.2 mg/50 ml of staining volume)
were incubated for 10 min at room temperature in PBS with 1% BSA.
Subsequently, anti-CD3 (clone SK7; BD Biosciences) Ab was added and
incubated for 10 min at room temperature. Subsequently, additional Abs
(anti–TRBV4-1, IM2287; Beckman Coulter) were added and incubated for
20 min at 4˚C. Cells were washed with PBS with 1% BSA and analyzed on
an LSRFortessa (BD Biosciences) flow cytometer. For display in a matrix,
percentage positive cells or mean fluorescence intensity of the positive
cells was normalized to Z score, and a heat map was created using the
heatmap.2 function of R (https://cran.r-project.org/web/packages/gplots/
index.html).

Statistics

In Fig. 3C, significance was calculated by a paired Wilcoxon ranked sums
test. Significance of the data in Fig. 1A was calculated using a Kruskal–
Wallis test.

Results
TRBV4-1 TCRs recognize CD1b bound to diverse lipid Ags

A prior study of five clones (LDN5, clone 2, clone 71, clone 34, and
clone 83) defined LDN5-like T cells as expressing a candidate TCR
motif encoded by TRBV4-1 or TRAV17 that recognized myco-
bacterial GMM presented by CD1b (27). However, these clones
were isolated from only four blood donors, and the distribution of
LDN5-like cells among the broader human population was not
determined. We designed a study in a cohort of 49 healthy donors

from Lima, Peru, that lacked positive Ag-recall tests for tuber-
culosis but were likely vaccinated with bacillus Calmette–Guérin
according to the Peruvian national vaccination program. Besides
CD1b-GMM and CD1b–mycolic acid (MA) tetramers, an Ab
against TRBV4-1 was included in the cytometry panel to enable
the identification of LDN5-like T cells (CD3+, CD1b-GMM tet-
ramer+, TRBV4-1+). An Ab against TRAV17 might have im-
proved identification of LDN5-like T cells, but such an Ab is
unavailable. We found that TRBV4-1 usage among CD1b-GMM
tetramer+ T cells (mean 35%) was ∼10-fold higher than among
the total T cell population (3.2%; p, 0.0001). Thus, initial results
from five clones were confirmed in a large study of polyclonal
T cells among unrelated donors, demonstrating the existence
LDN5-like cells as a defined, trackable T cell type in humans
(Fig. 1A, Supplemental Fig. 1A).
Whereas these and prior results were generated using GMM

Ag, we also observed that TRBV4-1 usage among CD1b-MA
tetramer+ T cells (mean 26%) was also highly enriched above
the total T cell population (p , 0.0001). This finding was un-
expected because free MA lacks the glucose that has previously
been demonstrated to be crucial for the recognition of GMM by
LDN5 (26). This finding prompted the alignment of all available
complete TCR sequences from a large panel of 26 previously
published, functionally confirmed, CD1b-restricted T cell clones
(19, 26, 27, 33, 34, 36–42). Similar to frequencies of TRBV4-1
expression in CD1b tetramer+ T cells, 11 (42%) of the CD1b-
reactive clones expressed TRBV4-1 (Fig. 1B). Excluding TCRs
that conform to the other known CD1b-reactive TCR motif
(GEM T cells), 11 of 22 TCRs (50%) expressed TRBV4-1.
These rates are well in excess of TRBV4-1 expression among
randomly chosen T cells, as measured by TCR V region–specific
Abs (∼1%) or by high-throughput TCR sequencing (0.5–4%)
(43–45).
However, prior studies had not \tested or considered candidate

TCRmotifs for Ags other than the mycobacterial glycolipid GMM.
Overall, this search identified at least four additional structurally
distinct lipid Ags presented by CD1b to TRBV4-1–encoded TCRs:
BbGL-II, sulfoglycolipid 37 (SL37), phosphatidylglycerol, and
MA. Although most GMM-specific TRBV4-1+ clones known as
LDN5-like T cells coexpress TRAV17 (27), none of the TRBV4-1+

clones that recognize these four other lipid Ags express TRAV17.
These lipids are not structurally related to one another or to GMM
with regard to lipid tails, carbohydrate groups, or inorganic sulfate
or phosphate groups (Fig. 1C). In particular, the lipid head groups
that protrude from the CD1b cleft (34, 46, 47) and function as TCR
epitopes comprise a hexose sugar, a dihexose sugar, a phospho-
glycerol unit, or a small, negatively charged headgroup with no
carbohydrate, respectively (Fig. 1C). These data confirmed and
extended the relationship between TRBV4-1 and CD1b reactivity
but raised new questions about the specificity of TCRs for lipids
carried by CD1b. In particular, could TRBV4-1 sequences mediate
recognition of CD1b while ignoring the Ag carried by CD1b,
while other parts of the TCR are available for Ag recognition?

CD1b-specific T cells among polyclonal T cell lines

Because these T cell clones were derived with diverse methods
and from genetically unrelated donors, we carried out controlled
experiments in which TRBV4-1+ and TRBV4-12 cells were sorted
from the PBMC of the same blood bank donor, D43, and culti-
vated in parallel under equivalent conditions. Using an mAb
that binds to TCRs that use TRBV4-1, equal numbers of
CD3+TRBV4-1+ and CD3+TRBV4-12 T cells were sorted
(Supplemental Fig. 1B) and expanded by stimulation with
anti-CD3 Ab, after which the uniform expression or absence of
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TRBV4-1 by the cell lines was confirmed (Fig. 2A). Both T cell
lines were stained with CD1b tetramers that were mock-treated,
and so contained diverse cell-derived endogenous lipids
(CD1b-endo), or were loaded with phosphatidylglycerol or
GMM as examples of structurally divergent phospholipid or
glycolipid Ags. In the TRBV4-1+ polyclonal T cell line, there
was an increased frequency of cells that bind to CD1b-
phosphatidylglycerol or CD1b-GMM compared with the
TRBV4-12 population (Fig. 2B). Thus, TRBV4-1+ is more
likely to confer CD1b reactivity than the combined action of
the other Vb segments. Furthermore, the CD1b reactivity is not
limited to CD1b bound to one specific Ag. In fact, phosphati-
dylglycerol and GMM are very different, as structural studies
of TCR–CD1b–lipid complexes show that they use distinct
glucose versus phosphoglycerol units on the TCR-facing sur-
face of CD1b (14, 46).
Confirming TRBV4-1 expression, single-cell TCR sequenc-

ing demonstrated that among the CD1b-phosphatidylglycerol
binding cells were several single cells that expressed
identical pairs of a- and b-chains composed of TRAV8-2–
TRAJ38 and TRBV4-1–TRBJ1-6. Likewise, among cells that
bind to CD1b-GMM were several cells that expressed identi-
cal pairs of a- and b-chains composed of TRAV13-2–TRAJ32
and TRBV4-1–TRBJ1-4 (Fig. 2C). Even though in healthy
blood bank–derived donors, the frequency of GMM- and
phosphatidylglycerol-specific cells is typically below or at the
detection limit of ∼1024, pre-enrichment for TRBV4-1 ap-
parently enriches for CD1b-specific cells to a level that they
can now be detected.

CD1b-specific T cells among TRBV4-1+ T cells ex vivo

To bypass artifacts related to T cell culture and outgrowth, we
next analyzed polyclonal T cells directly ex vivo. We used fresh
PBMC from three random blood bank donors (D6, D7, and D48)
and costained them with anti-CD3, anti–TRBV4-1, and CD1b
tetramers treated with the phospholipid phosphatidylglycerol or
the glycolipid GMM to measure the rate of staining with tet-
ramers in the TRBV4-1+ T cell gate (Fig. 2D, 2E). As negative
controls, we measured staining with mock-treated CD1a tetra-
mers (Supplemental Fig. 1C) and CD1b tetramer staining in the
TRBV4-12 gate (Fig. 2D, 2E). In all three donors, we detected a
higher percentage of cells that stain with CD1b-phosphatidylglycerol
or CD1b-GMM tetramers in the TRBV4-1+ population com-
pared with the TRBV4-12 population (Fig. 2E) or any T cell
population stained with CD1a tetramers (Supplemental Fig. 1C).
Most tetramer+ T cells stained with both tetramers, which
suggests that they represent a broadly cross-reactive population
that has been described previously (34). The lack of T cells that
were single-positive for the CD1b-GMM tetramer is most likely
due to extremely low frequencies of CD1b-GMM+ T cells
among blood bank donors in Boston, who are most likely not
exposed to bacillus Calmette–Guérin vaccine or Mycobacterium
tuberculosis. Overall, enrichment of CD1b tetramer+ cells
among TRBV4-1+ T cells was confirmed directly ex vivo. Thus,
polyclonal T cells from genetically unrelated donors provided a
new and strong linkage between TRBV4-1 TCR expression and
CD1b recognition.

FIGURE 1. TRBV4-1+ CD1b-restricted clones recognize a wide variety

of Ags. (A) PBMC from 49 healthy donors were pregated for CD3 ex-

pression and CD1b-GMM tetramer or CD1b-MA tetramer binding

(Supplemental Fig. 1A). Within the tetramer2 or tetramer+ gates, the

percentage of TRBV4-1–expressing cells was determined. Box: median

with interquartile range; whiskers: minimum to maximum values. (B)

Previously published CD1b-restricted TCRs are shown according to V

(TRAV, TRBV) genes and the Ag they recognize: LDN5 (26); GEM1,

GEM18, GEM21, and GEM42 (27); clone 2, clone 26, clone 34, clone 71,

clone 83 (27); Z5B71 (36); DN1 (37); DN.POTT (19, 38); PG10, PG90,

and BC8 Bru (33); YE2.14 (39); MT2.21 (40); C56SL37 and C58SL37

(41); and clone 11, clone 20, clone 28 (42), BC24A, BC24B, and BC24C

(34). BC24C expresses two different a-chains. (C) Lipid Ags illustrate the

structural diversity of molecules, with polar head groups indicated in red,

recognized by TRBV4-1 TCRs.
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High-throughput sequencing of TCR rearrangements in CD1b
tetramer+ and tetramer2 T cells

Next, we used high-throughput TCR sequencing (Adaptive Bio-
technologies, Seattle, WA) to measure the TRBV gene usage in
functional TCR rearrangements among T cells that were sorted into
CD1b tetramer+–enriched and CD1b tetramer2 populations
(Fig. 3). We chose MA as the ligand for CD1b tetramers based on
its antigenic properties in the CD1 system (19, 37, 42), including
its stimulation of polyclonal (Fig. 1A) and clonal (Fig. 1B)
TRBV4-1+ T cells. In Boston, MA, we obtained PBMC from two
blood bank donors (CX and C63) and one person who was latently
infected with M. tuberculosis (C58). T cells were stimulated once
with autologous monocyte-derived dendritic cells and MA and
cultured for 17 d prior to sorting into CD1b-MA tetramer+ and
CD1b-MA tetramer2 populations (Supplemental Fig. 1D). The
junctional regions of their TCRs were sequenced in high throughput
and their V genes assigned, showing that tetramer+ cells used
TRBV4-1 at markedly increased rates for donors CX and C58 (Fig.
3A, green arrows). In donor C63, the postsort analysis demonstrated
high contamination with tetramer2 cells (92.6%) in the tetramer+

cells (Supplemental Fig. 1D), so a sort failure explained the highly
similar profiles for TRBV genes in this patient.
To increase the number of known Ags and donors analyzed,

we took advantage of a publicly available dataset that used a
similar approach based on CD1b-GMM tetramer sorting for

high-throughput TCR sequencing (48). Similar to CD1b-MA
tetramer results, all four patients analyzed with CD1b-GMM

tetramers showed marked enrichment of TRBV4-1 among tetramer+-

enriched cells as compared with tetramer2 cells (Fig. 3B). Overall,

TRBV4-1 use among CD1b tetramer+–enriched polyclonal T cells

was higher in all six subjects studied, and the result was statisti-

cally significant (p = 0.016) (Fig. 3C). Furthermore, because MA

and GMM are chemically distinct Ags and TCRs specific for one

do not typically cross-react with the other (14, 15, 26, 27, 49),

preferred expansion of TRBV4-1+ cells by both Ags suggests that

TRBV4-1 is driving CD1b recognition rather than lipid Ag rec-

ognition, in agreement with the clonal T cell analyses (Fig. 1).

Detectable TCR conservation is limited to the V gene

TRBV4-1 encodes all CDR1b and CDR2b amino acids and the
first 4 aa of CDR3b. The C-terminal part of CDR3b is encoded by

non–germline-encoded N nucleotides, D segments, and part of the

J segment. To develop hypotheses about which TCR b-chain

residues could interact with CD1b, we examined the known

CD1b-reactive, TRBV4-1+ b-chain sequences in more detail.

Among 12 TRBV4-1+ TCRs that recognize CD1b in combination

with differing lipid, glycolipid, or phospholipid Ags, we observed

no enrichment for any single TRBJ segment or a preference for

TRBJ segments that belong to the TRBC1 or TRBC2 groups

(Fig. 4A). Furthermore, we could not discern CDR3b common

FIGURE 2. CD1b recognition by TRBV4-1+ T cells. (A) Cell lines sorted from blood bank donor D43 based on expression or absence of TRBV4-1

(Supplemental Fig. 1B) were tested for TRBV4-1 expression. (B) Both cell lines were stained with CD1b-phosphatidylglycerol (PG) or CD1b-GMM

tetramers or mock-loaded CD1b tetramers carrying diverse endogenous lipids (CD1b-endo). (C) TCR sequences obtained by single-cell TCR sequencing of

CD1b-GMM tetramer+ and CD1b-phosphatidylglycerol (PG) tetramer+ cells are shown with germline (gray) and nongermline (white) residues encoded by

the indicated Vand J region genes. After pregating using anti-CD3 and anti–TRBV4-1 TCR Abs (D), TRBV4-1+ and TRBV4-12 T cells from PBMC from

three random blood bank donors were analyzed for binding of CD1b-phosphatidylglycerol (CD1b-PG) and CD1b-GMM tetramers directly ex vivo (E).

Equal numbers of cells are shown in each plot. All acquired TRBV4-12 cells are shown in Supplemental Fig. 1B (top).
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sequence patterns beyond the TRBV4-1–encoded residues at po-
sitions 104–107 (CASS). This is in sharp contrast with MAIT,
NKT, and GEM TCRs, which have TCR a-chains that are nearly
identical in length and sequence, including CDR3a regions, and
are formed by identical V and J segments. Therefore, further
studies investigated the hypothesis that TRBV4-1–encoded resi-
dues might mediate recognition of CD1b.

Structural analysis of conserved TRBV4-1 TCRs

First, we focused on the residues encoded by TRBV4-1 that encode
CDR1b (MGHRA), CDR2b (YSYEKL), and the first four resi-
dues of CDR3b (CASS) (Fig. 4A). For a detailed understanding of
where these residues are positioned within ab TCR heterodimers,
we cloned two TRBV4-1+ CD1b-reactive TCRs (clone 2 and
PG10 TCRs), expressed them as heterodimeric proteins, and de-
termined their structures to 1.8 and 2.5 Å resolution, respectively
(Fig. 4B, Supplemental Table I). The clone 2 TCR recognizes
CD1b-GMM (27) and so represents an LDN5-like TCR. The

PG10 TCR recognizes CD1b-phosphatidylglycerol and so rep-
resents the non–GMM-specific TRBV4-1+ TCR motif identified
in this study (33). These were compared with two existing
structures of TRBV4-12 TCRs: a GEM TCR (GEM42) and a
phosphatidylglycerol-CD1b-reactive TCR (Fig. 4B).
Structural comparisons between the TRBV4-1+ and TRBV4-12

TCRs reveals extensive electropositive regions at the Ag-
recognition site. Compared with PG90 and GEM42 TCRs,
the TRBV4-1+ TCRs exhibit greater electropositivity in a region
located predominantly between the CDR3 loops, extending
toward the CDR2b loop (Fig. 4B, blue). This electropositive
feature correlates with the electronegative surface of the CD1b
Ag-binding cleft (Fig. 4C, red). As previously determined coc-
rystal structures of PG90-CD1b-phosphatidylglycerol and
GEM42-CD1b-GMM demonstrate selective corecognition be-
tween an electropositive TCR interface and electronegative CD1b
(14, 34), a broadly similar mode of docking for the TRBV4-1+

TCRs onto CD1b might potentially operate.

FIGURE 3. TRBV4-1+ T cells are enriched

among CD1b tetramer+ T cells. (A) PBMC from

three blood donors were stimulated with autologous

monocyte-derived dendritic cells and MA for 18 d.

The resulting cells were stained with CD1b-MA

tetramers and an anti-CD3, followed by sorting of

tetramer+ and tetramer2 cells as shown in

Supplemental Fig. 1D, and subjected to high-

throughput TCR sequencing. The percentages of

TRBV gene usage are shown. (B) Using the ap-

proach described above, we reanalyzed a publicly

available dataset (48) of CD1b-GMM tetramer+ and

tetramer2 cells from four donors. (C) Summary of

TRBV4-1 percentages among tetramer+ and tetra-

mer2 cells of the three donors shown in (A) and

four donors shown in (B).
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Despite the different lipid Ags recognized, the overall posi-
tioning of the Ca carbon backbone, the amino acid residue side
chain position in the CDR1b loop, and the germline-encoded

CASS region of the CDR3b loop were highly conserved be-
tween the two TRBV4-1+ TCRs, with r.m.s.d. values of 0.2 and
0.1 Å, respectively (Fig. 4D). The CDR2b loop of the clone 2

FIGURE 4. Structural analysis of TRBV4-1+ TCRs. CD1b-specific TRBV4-1+ TCR conservation is limited to the germline-encoded TRBV gene. (A)

The schematic shows the role of TRB locus genes in encoding residues in the CDR1, CDR2, and CDR3 regions. CDRb regions of new and previously

sequenced TRBV4-1+ and TRBV4-12 CD1b-specific clones were aligned. BbGL-II is 1,2-di-oleyl-a-galactopyranosyl-sn-glycerol; SL37 is synthetic di-

acylated sulfoglycolipid analog (67). (B) Upper, Side view of clone 2, PG10, PG90, and GEM42 TCRs, with a-chains (gray), TRBV4-1 b-chains (cyan),

and other b-chains (green and pink) highlighted. Lower, Bottom-up view of TCR interface surface electrostatic potential. (C) In comparison, top-down view

of the CD1b interface surface electrostatic potential is shown, with CD1b presenting GMM (brown, upper) and phosphatidylglycerol (PG) (blue, lower).

Potential contours are shown on a scale from +5.0 (positive charge, blue) to 25.0 kBT e21 (negative charge, red); white indicates value close to 0 kBT e21

(neutral charge). (D) Overlay image shows CDR regions of clone 2 (green) and PG10 (blue) TCRs. (E) Key interactions in the TRBV4-1+ CDRb regions are

shown, including positions of H29b and R30b on the CDR2b region of clone 2 (green, left) and PG10 (blue, right) TCRs. Amino acid residues involved in

contacts are represented as sticks, with hydrogen bonds represented as black dashes. Nitrogen, oxygen, and phosphate are represented in blue, red, and

orange, respectively, and color coding of CDR regions is highlighted in the legend.
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TCR is involved in crystal contacts and, as such, aligned less well
to the PG10 TCR CDR2b loop (r.m.s.d. value of 1.3 Å). Notably,
the position of H29b in the CDR1b loop is highly conserved in
both TCRs, being wedged between the germline-encoded S106b
and P108b residues of the CDR3b region (Fig. 4E). H29b appears
to play a stabilizing role that anchors the germline-encoded
N-terminal end of the CDR3b loop via hydrogen bond forma-
tion with S106b. In turn, the main chain carbonyl group of H29b
is stabilized via hydrogen bonds by the CDR2b residues S57b or
Y58b (Fig. 4E). Of interest, a similar interaction is observed in the
two non–TRBV4-1 TCRs, PG90 and GEM42. Despite using
TRBV7-8 and TRBV6-2, respectively, H29b is also encoded in
the CDR1b region (Fig. 4A) and stabilizes the germline-encoded
CDR3b region. By analogy to the known docking modes of PG90
and GEM42 TCRs (Supplemental Fig. 2), this inter–CDR1b–
CDR3b region is positioned distally to the CD1b–lipid–TCR in-
terface, where it acts to stabilize the CDR3b region to allow for
direct lipid headgroup contact. In the absence of a trimolecular
TRBV4-1+ TCR–CD1b–lipid structure, it is unclear whether
H29b plays a similar role when the TCR uses TRBV4-1.
Although H29b is conserved in these four TCRs, R30b

is present only in the two TRBV4-1+ TCRs (Fig. 4A). In this
study, R30b was solvent-exposed and adopted two distinct con-
formations in the clone 2 and PG10 TCRs (Fig. 4D). In the
PG10 TCR structure, R30b hydrogen bonds with Y58b, where
the residue contributes toward the electropositive interface surface
of the PG10 TCR. In the clone 2 TCR structure, R30b is orien-
tated away from the interface in a manner not related to crystal
contacts (Fig. 4D), and as such, the interface surface is less
electropositive (Fig. 4B). Because of the electrostatic comple-
mentary nature of the TCR and CD1b interface and the posi-
tioning of R30b toward the interface surface in the PG10 TCR
structure, this residue might be involved in contacts between
CD1b and TRBV4-1.

Mapping of essential residues in the CD1b–clone 2
TCR interaction

These crystal structures guided additional alanine substitution
experiments to test which TRBV4-1 CDR residues are crucial for
recognition of CD1b-GMM by the clone 2 TCR. Mutations along
the CDR1b and CDR2b regions were generated, but recombinant
protein production was reduced dramatically with CDR2b mu-
tants. The side chains of these residues are solvent-exposed, so
changes of this type are known to affect overall protein solubility
and integrity. To bypass this technical limitation, we mutated
CDR1b amino acid H29b, R30b, and a framework region 1 res-
idue, T16, as a negative control. SPR experiments were performed
to measure steady-state binding affinities between these TCR
mutants and GMM-loaded CD1b monomers coupled to a sensor
chip. The KD of WT clone 2 TCR and the T16A mutant were
comparable: 6.9 6 1.0 and 6.1 6 0.6 mM, respectively (Fig. 5A).
However, both mutations in the CDR1b region showed a marked
decrease in CD1b-GMM binding affinity, resulting in a KD of
.200 mM (Fig. 5A). This indicates that the H29b and R30b are
critical TRBV4-1+ residues for mediating high-affinity TCR in-
teractions with CD1b-GMM. Based on the locations of the resi-
dues in the CDR1 loop, such effects are likely mediated via an
indirect (H29b) or direct (R30b) impact on TRBV4-1 docking
onto CD1b.
Next, we carried out alanine scanning mutation across the

surface of CD1b to functionally evaluate the CD1b–clone 2 TCR
interaction via SPR (Fig. 5B). As the goal was to specifically
assess the TCR–CD1b interaction interface, we did not mutate
sites that function as interdomain tethers to control Ag entry into

the cleft (D60, E62) (50). Instead, we studied 10 alanine point
mutants on the outer surface of CD1b, which are located on the
TCR-facing aspect of the a1 (E65A, I69A, V72A, R79A, E80A)
and a2 (Y151A, I154A, T157A, R159A, I160A) helices, as de-
termined from prior crystal structures (14, 51). Only E80A
(nonbinding), Y151A (nonbinding), I154A (nonbinding), and
T157A (38.9 6 8.3) mutants demonstrated a significant reduction
in steady-state affinities, resulting in significantly reduced or ab-
rogated clone 2 TCR binding onto CD1b-GMM (Fig. 5B).
Consistent with this interpretation, most human CD1 group 1–

reactive TCRs, including all three of the known CD1b-binding ab

TCRs (14, 34, 46), bind CD1 such that the TCR a-chain is po-
sitioned over the A’-roof, distant from the hot spot established
there. The established hot spot that significantly affects clone 2
TCR binding resides at the F’ portal and involves E80 and Y151
(Fig. 5C). As observed with the GEM42 and PG90 TCRs, this site
is critical for TCR b-chain interaction with CD1b (14, 46).

Conserved functional hot spots for all TRBV4-1+ TCRs

Next, we wanted to determine if any CD1b residues are important
in the interaction with the broader spectrum of CD1b-reactive
TCRs. First, we assembled a panel of TRBV4-1+ (LDN5, PG10,
D43, BC24C) and TRBV4-12 Ag-specific, CD1b-reactive clones
(BC24B, PG90, GEM42). These clones were evaluated for
staining with human CD1b tetramers that were treated with the
relevant glycolipid (GMM) or phospholipid (phosphatidylgly-
cerol) Ag and CD1a tetramers as a negative control. At the same
time, 13 alanine-substituted CD1b proteins (K61A, E65A, E68A,
I69A, V72A, R79A, E80A, Q150A, Y151A, Q152A, E156A,
I160A, and E164A) were assembled into tetramers, mock- or Ag-
treated, and then tested on all clones to map the functional in-
teraction sites on CD1b. Finally, the clone BC24B was known
to show autoreactive response to mock-loaded CD1b and
phosphatidylglycerol-treated CD1b, so it was tested with all mu-
tant tetramers prepared in mock and phosphatidylglycerol loading
conditions. This tetramer-based biophysical approach was chosen
because it emphasized clonal TCR binding to defined combina-
tions of CD1b and lipid Ag. The use of staining instead of cyto-
kine release eliminated clone-to-clone differences in activation
outcomes downstream of TCR ligation. Furthermore, as compared
with cellular assays, this approach minimized the effects of APC-
derived lipid Ags or differential processing of phosphatidylgly-
cerol or GMM Ags. Analysis of staining of LDN5 and GEM42 by
CD1b-GMM tetramers (Fig. 6A) and PG10 and BC24B by CD1b-
phosphatidylglycerol tetramers (Fig. 6B) illustrates key outcomes,
which, when combined with results from the additional four
staining patterns (Supplemental Fig. 3A–D), generated a matrix
of staining results (Fig. 6C).
No tetramer stained every T cell clone, and in no case did CD1a

tetramers stain T cells. These two findings largely rule out non-
specific interaction of tetramers with lymphocytes. Every CD1b
tetramer–Ag combination stained at least one T cell line, dem-
onstrating that no mutant tetramer failed to fold or load lipid. In
all cases, dependence on the glycolipid or phospholipid matched
the known Ag specificity of the clone, consistent with the inter-
actions being mediated by TCRs interacting with combinations
of CD1b and Ag. As measured by the percentage of cells staining
above background (Fig. 6C) or mean fluorescence intensity
(Supplemental Fig. 3E), the matrix staining conditions demon-
strated clear, CD1b position-dependent changes in staining and
linked these to the Ag and TCR type used.
Except for the K61A mutation, which had little effect compared

with WT CD1b, most mutations had a different effect on tetramer
binding, depending on which T cell line was tested. Thus, TCR
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interactions with CD1b were not precisely conserved, especially
for the diverse TRBV4-12 TCRs (Fig. 6C). However, there was
a striking commonality among all four TRBV4-1+ T cells tested:
mutation of the E80A on CD1b abolished recognition. This out-
come was true regardless of whether GMM or phosphatidylgly-
cerol was carried. The E80A CD1b tetramers were not nonfunctional
in a general way, based on positive results with other clones, and
both phosphatidylglycerol and GMM were loaded, as assessed
by bright staining BC24B and GEM42 (Fig. 6A, 6C). These pat-
terns demonstrate that E80 in CD1b is an important residue for

interaction with TRBV4-1–encoded TCRs, establishing a func-
tional hot spot for TRBV4-1+ TCRs that acts independently of the
Ag loaded.

Discussion
T cells recognizing monomorphic Ag-presenting molecules rep-
resent an important exception to the general idea that specific
TCR sequences cannot be linked to the molecular identity of the
antigenic targets recognized. Through study of polyclonal T cells
from genetically unrelated donors, our new data show that CD1b

FIGURE 5. Mutational analysis of the TCR–CD1b interaction. (A) CD1b-reactive clone 2 TCR was expressed as a heterodimer encoded by WT se-

quences or subjected to b-chain point mutation with alanine substitutions in the TRBV4-1–encoded region at position 29 or 30. Binding to GMM-loaded

CD1b complexes was measured using SPR to generate steady-state affinities, with binding curves (upper) and equilibrium curves (lower) shown. (B) The

steady-state affinities of the WT clone 2 TCR for WT and mutant CD1b proteins loaded with GMM were determined. Equilibrium curves for CD1b-E80A,

CD1b-Y151A, and CD1b-Y154A showed no observable binding. Error bars represent mean 6 SEM. (C) Surface representation of the CD1b-GMM surface

(white) with residues when mutated to alanine demonstrate less than a 3-fold decrease in affinity (yellow), a 3–5-fold decrease in affinity (orange), and

greater than a 5-fold decrease (red), upon binding against the clone 2 TCR. Positions of residues E80, Y151, I154, and T157 are indicated.
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tetramer+ cells are enriched among TRBV4-1+ cells in vitro and ex
vivo. Conversely, among CD1b-specific clones and polyclonal
CD1b tetramer+ T cells, TCR sequencing demonstrated markedly
increased use of TRBV4-1. Thus, bidirectional evidence supports

linkage between TRBV4-1 expression and CD1b recognition.
CD1b-restricted T cells expressing TRBV4-1+ TCRs represent a
population of which LDN5-like T cells form a subset that is de-
fined by recognition of GMM.

FIGURE 6. The effect of mutations in

CD1b on interaction with T cells. (A) T

cell clones LDN5 and GEM42 were tested

for binding of GMM-loaded CD1b tetra-

mers with the indicated point mutations.

(B) T cell clones PG10 and BC24B were

tested for binding of phosphatidylglycerol-

loaded CD1b tetramers (CD1b-PG) with

the indicated point mutations. (C) In

addition, four additional T cell clone–

CD1b–Ag combinations were tested

(Supplemental Fig. 3A–D), and percent-

ages of tetramer+ cells or mean fluores-

cence intensity (Supplemental Fig. 3E)

were Z score–normalized per cell line and

shown as a heat map. The negative control

(neg) is mock-loaded WT CD1a tetramer,

and the positive control (pos) is the indi-

cated Ag-loaded WT tetramer.
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MAIT cells, type I NKT cells, and GEM T cells express TCRs
with invariant a-chains and mediate highly specific responses to 5-
OP-RU, a-GalCer, and GMM, respectively. CD1b-specific T cells
described in this study differ from the known TCR-defined T cell
types in several ways. First, TCR sequence motifs are found in the
TCR b-chains, not the TCR a-chains. Second, the TCRs show a
lower degree (type 1 bias) of conservation that is restricted to the
TRBV4-1 gene segment, rather than multiple segments or N re-
gion additions. Third, and most surprisingly, even though each
individual TRBV4-1+ TCR that we studied in this study is specific
for a lipid Ag, the TRBV4-1 motif biases toward CD1b recogni-
tion without regard to the Ag carried. A recent study indepen-
dently established a link between TRBV4-1 and CD1c recognition
(28). The broad Ag response pattern for TRBV4-1+ T cells is, to
our knowledge, unprecedented, in the sense that one germline-
encoded part of a TCR acts without regard to the Ag carried
and likely reacts across two types of Ag-presenting molecules.
For MAIT cells, NKT cells, and GEM T cells, the recognition
mechanism is straightforward and well-proven: the particular
residues encoded by TRAV and TRAJ regions of each of these
invariant TCR a-chains make extensive physical contact with
MR1, CD1d, or CD1b and protruding epitopes on the carried lipid
or metabolite Ags (14, 52–54). Our data show that the shared
TCR features are found in the germline residues of TRBV4-1 but
not in N region or TRBJ residues that dominate the CDR3 loop.
Therefore, a straightforward structural explanation for these
functional responses would be that residues encoded by TRBV4-1
recognize some shared epitope on CD1b and CD1c that does not
involve the carried lipid.
Although direct proof of the molecular mechanism requires

ternary TRBV4-1 TCR–CD1b crystal structures, much existing
evidence points toward specific roles of TRBV4-1 sequences in
TCR stabilization and binding to anionic surfaces on CD1b and
CD1c. First, TCR crystal structures of clone 2 and PG10, as well
as mutational scanning, pinpointed roles of two TRBV4-1–enco-
ded residues, H29b and R30b. H29, which forms a hydrogen bond
between the CDR1 and CDR3 loops, is located distally from the
TCR surface, and so not expected to directly contact CD1b or
Ag, but could stabilize the general internal structure of TCRb.
However, this intrachain, interloop interaction is common among
non–TRBV4-1 TCRs and so does not likely account for their
CD1-biasing nature. Instead, the positively charged residue R30b,
which is found only in TRBV4-1, TRBV5-1, and TRBV10-3, is
well-positioned to contact CD1b. Also, published mutational
mapping independently implicates R30 of TRBV5-1 as crucial for
TCR interaction with CD1b (55), and R30b of TRBV4-1 is crucial
for the interaction with CD1c (28).
On the CD1 side, our mutational mapping for CD1b implicated

E80, an anionic residue, as essential for binding of all five TRBV4-
1+ TCRs tested in this study. E80 is necessary for a TRBV5-1+ and
one other TRBV4-1+ CD1b-specific TCR response (40). E80 is
also found in CD1c but not in CD1a and CD1d, so its presence
correlates with the two isoforms recognized by TRBV4-1 TCRs
(56). Although no TRBV4-1 TCR has been solved in contact with
CD1b, most ab TCR–lipid–CD1 structures, and all three ternary
CD1b structures solved to date, show that CDR1b and CDR2b
loops that carry R30 are positioned near the right margin of the
CD1 platform, where E80 is also located (14, 34, 46). Overall,
these data support a potential scenario in which the conserved,
positively charged residue R30 could bind CD1b near the nega-
tively charged E80, although other anionic residues are present on
the CD1b surface. Finally, CD1B and CD1C genes encoding E80
are widely present among mammals (57–63). No CD1B or CD1C
(64) orthologs are present in mice, and mice lack a TRBV4-1

ortholog (65, 66). Therefore, analogous to the simultaneous
presence or absence of MR1 and TRAV1-2 orthologs among
mammals (17), a comparable coevolutionary relationship might
exist between TRBV4-1 and CD1B or CD1C orthologs. These
data, and the availability of human tetramers made from non-
polymorphic Ag-presenting molecules, now provide new ave-
nues to discovering hidden TCR patterns in the complex human
TCR repertoire.
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