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CD1 glycoproteins present lipid-based antigens to T-cell
receptors (TCRs). A role for CD1b in T-cell-mediated autor-
eactivity was proposed when it was established that CD1b can
present self-phospholipids with short alkyl chains (~C34) to T
cells; however, the structural characteristics of this presenta-
tion and recognition are unclear. Here, we report the 1.9 A
resolution binary crystal structure of CD1b presenting a self-
phosphatidylinositol-C34:1 and an endogenous scaffold lipid.
Moreover, we also determined the 2.4 A structure of CD1b-
phosphatidylinositol complexed to an autoreactive aff TCR,
BC8B. We show that the TCR docks above CD1b and directly
contacts the presented antigen, selecting for both the phos-
phoinositol headgroup and glycerol neck region via antigen
remodeling within CD1b and allowing lateral escape of the
inositol moiety through a channel formed by the TCR a-chain.
Furthermore, through alanine scanning mutagenesis and sur-
face plasmon resonance, we identified key CDI1b residues
mediating this interaction, with Glu-80 abolishing TCR bind-
ing. We in addition define a role for both CD1b a1 and CD1b
a2 molecular domains in modulating this interaction. These
findings suggest that the BC8B TCR contacts both the pre-
sented phospholipid and the endogenous scaffold lipid via a
dual mechanism of corecognition. Taken together, these data
expand our understanding into the molecular mechanisms of
CD1b-mediated T-cell autoreactivity.

While peptide antigen recognition forms the central dogma
of classical T-cell-mediated adaptive immunity, the role of
lipids as nonclassical antigens, presented by major histocom-
patibility complex class I-like molecules known as CD1, are
emerging as new targets of protection and autoimmunity. CD1
mediated T-cell response to bacteria like Mpycobacterium
tuberculosis (1-14), and self-lipid antigens mediate autor-
eactivity and autoimmune disease via lipid activation (15-20),
lipid-independent binding (21-25), and lipid-blocking mech-
anisms (26).

* For correspondence: Adam Shahine, adam.shahine@monash.edu; Jamie
Rossjohn, jamie.rossjohn@monash.edu.

SASBMB

While mice only express CD1d, humans express CDla,
CD1b, CD1c¢, CD1d, and CDle, which differ based on function,
tissue localization, and sequence (27, 28). The mechanisms of
antigen presentation by CD1d and recognition by natural killer
T-cell receptors (NKT TCRs) are well established and involve
direct TCR contact with the protruding headgroup moiety
(29-32). However, emerging research has revealed recognition
events that include mechanisms of direct CD1 protein recog-
nition without recognition of carried lipid, cross-reactivity of
many antigens based on their neck regions, and sideways ap-
proaches of TCRs to CD1 proteins (10, 19, 20, 24, 25, 33).

CD1b exhibits the largest antigen-binding cleft among iso-
forms in the CD1 family, which allows the molecule to
accommodate a range of foreign- and self-lipid antigens with
aliphatic hydrocarbon tails of up to C80 in length (10, 12, 19,
20, 34, 35). In some cases, a scaffold lipid is simultaneously
bound inside CD1b along with the recognized antigen to sta-
bilize its internal architecture (35-37). CD1b presents very
long-chain foreign mycolyl lipids (38, 39) to germline-encoded
mycolyl (GEM)-reactive and LDN5-like TCRs (10, 11, 40),
with conserved TCR genes (41). In addition, CD1b presents
self-lipid antigens, either cellular phospholipids or sphingoli-
pids, to autoreactive afp and y8 T cells (18-20).

Myeloid dendritic cells (42) can regulate CD1b expression
and activate CD1b-restricted T cells, inducing an autoreactive
immune response (27, 43). Furthermore, the presentation of
self-phospholipid antigens by CD1b is possibly linked to
oxidative stress upon phosphatidylglycerol (PG) presentation
(20, 44), and both hyperlipidemia and protection against
CD1b+ T-cell lymphoma upon presentation of phosphati-
dylethanolamine (45, 46).

To date, three CD1b-lipid antigen—TCR crystal structures
have been solved (10, 19, 20). The mechanism of GEM affTCR,
GEM42, in recognition of CDIlb presenting glucose
6-monomycolate (GMM), emphasizes how an invariant TCR
contacts the protruding glycan epitope (47, 48). Other autor-
eactive T cells display diverse TCR expression and molecular
modes of recognition of CD1b-lipid complexes (19, 20, 44).

An emerging classification system divides CD1b—TCR in-
teractions into three categories: TCRs are highly specific for
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TCR recognition of CD1b presenting Pl

individual lipid structures, broadly reactive to a family of
structurally related lipids or CD1b specific in a lipid-
independent manner (19). For example, structural determi-
nation of CDI1b in complex with autoreactive TCR PG90
(TRAV26-1/TRBV7-8) was highly specific for the phospho-
lipid bound, whereas BC8B (TRAV9-2/TRBV6-2) could
respond broadly to many glycerylphospholipids. This pro-
miscuous recognition occurs because the TCR binds the neck
region that is common to many phospholipid classes (19, 20).
In both cases, the TCR directly recognized the amphipathic
lipid headgroups exposed on the outer surface of CD1b, but
not the scaffold lipid, which is typically seated beneath the
antigenic lipid, distant from the TCR.

To further understand the molecular mechanisms under-
pinning CD1b-self-lipid antigen recognition, we sought to
solve the structure of CDIlb presenting a self-
glycophospholipid in complex with an autoreactive afTCR,
BC8B. We determined the crystal structures of CD1b pre-
senting  self-phosphatidylinositol ~ (CD1b-PI-C34:1) and
CD1b-PI-C34:1-BC8B TCR and conducted alanine scanning
mutagenesis on CD1b surface residues involved in BC8B TCR
docking evaluated via surface plasmon resonance (SPR). Our
findings support the model of broadly reactive aPTCR recog-
nition of CD1b presenting self-antigens, highlight conserved
residues necessary for CD1b—phospholipid recognition by
BC8B, and provide direct evidence of dual recognition directed
toward both the presented antigen and the scaffold lipid.

Results

Molecular mechanisms of CD1b presentation of cellular Pl
Previous structural determination of the molecular mecha-
nisms of PI-C33:0 presentation by CD1b involved the refolding

of CD1b expressed in Escherichia coli, which included the
determination of artificially loaded detergent molecules within
the binding pocket (35). In this study, we sought to determine
the structure of CD1b exogenously loaded with cellular PI that
contains two alkyl chains, C18 and C16:1, which combined
have an overall unsaturation profile of C34:1. Cellular endog-
enous lipids were displaced from CD1b by first loading with
lysosulfatide, and subsequently loaded with PI, and purified via
anion exchange chromatography (Fig. 1A). Lipid loaded onto
CD1b was validated by isoelectric focusing gel (Fig. 1B), before
being crystallized, and the structure of CD1b—PI solved to a
resolution of 1.9 A (Fig. 24 and Table 1). The electron density
for both PI acyl tails was clearly defined, with the C18:1 sn2 tail
extending toward the base of the A’ portal, and the C16:0 snl
tail anchored in the C’ portal (Fig. 2B). In addition, a single
tube of electron density was observable with the T’ and F’
portals, corresponding to a single scaffold lipid of 31 carbons
in length, where the lipid remains buried within the F' pocket
(Fig. 2B).

The CD1b-p2m complex reported here was expressed in
human embryonic kidney 293S cells and exogenously loaded
with PI-C34:1. This structure shares many similarities with the
previously determined refolded CD1b—PI (PI-C33:0) structure
(35), which overlays with an RMSD of 0.53 A. Positioning of
acyl tails and phosphate headgroup is highly similar across
both structures. However, because of snl tail length differ-
ences by one carbon, PI-C33:0 penetrates deeper into the C’
portal. The CD1b a2 hinge region bends toward the PI-C34:1
headgroup, where the inositol moiety is anchored via
hydrogen bond. This is not the case with PI-C33:0 (Fig. 2C),
where the side chain of GIn152 faces in the opposite direction,
away from PI-C33:0. This interaction between inositol and the
outer surface of CDI1b is notable because previously
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Figure 1. CD1b lipid loading validation. A, anion exchange chromatographs show CD1b treated with 0.5% tyloxapol (mock), CD1b loaded with lyso-
sulfatide, and CD1b loaded with phosphatidylinositol (Pl). The dashed line indicates peak elution at gradient level (ms/cm?). B, isoelectric focusing (IEF)
analysis validated successful lipid loading of PI-C34:1 by CD1b. The IEF gel of CD1b shows complexes containing endogenous (endo) lipids, detergent-
treated CD1b (mock), CD1b presenting lysosulfatide (L-SF), and CD1b presenting PI-C34:1 (PI). Lipid loading success was determined by charge separa-
tion of each protein on the gel. Migration of CD1b-PI-C34:1 protein toward the negative anode () indicates successful loading of the lipid of interest in
comparison to CD1b presenting endogenous lipids and CD1b presenting L-SF.
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Figure 2. Presentation of PI-C34:1 by CD1b and comparison with refolded CD1b-PI-C33:0. A, structural overview of CD1b (gray), 2m (black) pre-
senting bound Pl C34:1 PI-C34:1 (yellow) and scaffold wax ester lipid (purple) within the antigen-binding cleft. B, CD1b-PI-C34:1 binary crystal structure
unbiased (green, upper) and refined (blue, lower) electron density maps of Pl and scaffold lipids bound within the CD1b antigen-binding pocket. Unbiased
and refined maps are contoured to 2.5 ¢ and 0.8 o, respectively. C and D, structural comparison overlay between the binding clefts of CD1b presenting PI-
C34:1 (CD1b-PI-C34:1, yellow) and refolded CD1b-PI-C33:0 (Protein Data Bank ID: 1GZP, green), with a focus on (C) the phospholipid antigen headgroups
around the a2 helix hinge region and (D) the buried F' pocket and overlay between scaffold (pink) and detergent (purple) molecules. Amino acids are
represented as sticks, with directions of movement indicated by black arrows. Nitrogen, oxygen, and sulfur atoms are colored in blue, red, and orange,

respectively. Pl, phosphatidylinositol.

determined CD1b—phospholipid antigen structures show no
significant contacts made between CD1b and the solvent-
exposed headgroup (37).

The key differences between the positioning of CD1b-PI-
34:1 and CD1b-PI-C33:0 relates to the endogenous scaffold
and detergent molecules positioned within the F’ portal. The F/
portal, which provides access of the antigen to the outer sur-
face of CD1b, is capped by a Van der Waals (VDW) network
among Glu80, Phe84, and Tyrl51. The endogenous scaffold
lipid is buried underneath the F’ portal with the VDW network
remaining intact. In the previously observed structure, deter-
gent molecules disrupt the opening of the F' portal, with
Tyr151 being displaced and rotated toward the solvent
(Fig. 2D) (35). However, as the positioning of Tyr151 plays a
role in TCR recognition (19), where dual the spacer lipid and

SASBMB

presented lipid is required for TCR contact, the movement of
the positioning of Tyrl51 appears to be dependent upon
scaffold lipid length. Extension of the scaffold lipid to the outer
surface of CD1b is unusual, as it normally lies beneath and
beside, rather than above the antigenic lipid.

BC8B TCR docking onto CD1b-PI-C34:1

To ascertain the molecular mechanisms of CD1b-PI
recognition, we produced the BC8B TCR and cocrystallized
with CD1b-PI, with the ternary structure determined to a
resolution of 2.4 A (Fig. 34 and Table 1). There is incomplete
density for the solvent-exposed inositol ring and well-defined
density for the phosphate moiety (Fig. 3B). Clear tubes of
density are present for the snl and sn2 acyl tails and spacer
lipid. Compared with the previously solved structure of
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Table 1
X-ray data collection and refinement statistics

Parameters CD1b-PI BC8B-CD1b-PI
Space group P 212121 P1211

46.39-1.90 (1.97-1.90)
a =57.82, b = 78.63,

41.13-2.40 (2.49-2.40)
a =73.09, b = 6543,

Resolution range (A)
Cell dimensions (A, °)

and ¢ = 92.73 and ¢ = 101.58
a=F=y=90 a=y=90and
B =102.26

496,450 (31,344)
33,822 (3316)

260,716 (26,509)
36,933 (3651)

Total no. of reflections
No. of unique reflections

Multiplicity 14.70 (14.70) 7.10 (6.90)
Completeness (%) 99.32 (98.66) 99.88 (99.86)
CC (1/2) 0.99 (0.73) 0.99 (0.87)
Riim (%)° 6.20 (63.50) 5.90 (58.80)
Mean I/o()" 13.50 (2.10) 11.60 (2.20)
Reactor/ Rizee (%)° 18.70/24.54 19.06/24.89
Nonhydrogen atoms 3585 6746
Macromolecules 3042 6247
Ligand 242 251
Solvent 301 248
Protein residues 380 821
Bond length (A) 0.011 0.011
Bond angles (°) 1.22 1.27
Ramachandran plot
Favored region (%) 98.94 97.10
Allowed region (%) 1.03 2.90
Outliers (%) 0.00 0.00
B-factors (A%
Average B-factors 3341 61.12
Macromolecules 31.14 61.94
Ligands 54.81 81.40
Solvent 39.20 58.11
Protein Data Bank ID 8DV3 8DV4

Highest resolution shell is shown in parenthesis.

“ Roim = opit [N - DI 570 | B, s - Thas [/ b <Ia>

b 6(1) is the estimated standard deviation of the integrated intensity (I).

 Reactor = 2nki||Fol = |Fe||/> nl|Fo| for all data except 5%, which were used for Riee
calculation.

unliganded BC8B (Protein Data Bank [PDB] ID: 6CUH) (19),
we observe negligible remodeling of the BC8B TCR upon
docking onto CD1b-PI-C34:1, where unliganded and com-
plexed TCRs overlay with an overall RMSD of 0.88 A.
However PI-C34:1 is lifted out of the antigen-binding pocket
by the complementarity-determining regions (CDR) CDR1a
and CDR3a loops of the variable domain of the BC8B TCR
(BC8B-Va), resulting in an upward shift of the entire lipid by
4 A (Fig. 30).

The CDR1a and CDR3a specifically contact the snl acyl tail
in the C’ portal and the phosphate neck region, which con-
nects the glyceryl unit to the inositol ring. The inositol moiety
protrudes furthest from CD1b, and, instead of contacting the
TCR, escapes laterally through a TCR escape channel formed
between by CDR1a and CDR3a loops and situated above the
A’ roof of CD1b (Fig. 4, A and B). Thr28«a and GIn113a stack
against the inositol moiety as well as above by framework (FW)
residue Asn2a, where they partially angle the inositol for
escape. Whilst not part of the lateral escape channel, additional
hydrogen bonds are formed with the phosphate and glycerol
moieties by Ser107a and Tyrl14aq, respectively, which lock in
place the features shared across all phospholipid species
(Fig. 4A).

The lateral escape channel was previously observed in the
context of phosphatidylcholine (PC) recognition (19). This
CD1b-PC-TCR example was proposed as a candidate
mechanism by which TCRs could broadly recognize
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phospholipids, if the class defining headgroup that is distal to
the phosphate moiety escapes from the TCR—CD1 interface.
However, evidence for escape of more than one headgroup was
lacking, and it was unknown whether a larger phospholipid
headgroup such as the inositol in PI would be recognized. For
example TCR docking might be hindered or enhanced by
steric or electrostatic interactions with the inositol ring in PI.
Here, CDR3a is more involved in recognition of PI compared
with PC, with additional hydrogen bonds formed with Ser107«
and Tyrll4a against the phosphate and neck regions,
respectively. Furthermore, because of the larger size of the
inositol moiety compared with choline, the TCR a-chain FW
and CDRIla partially contact the inositol via VDW in-
teractions, which in turn angle the headgroup to escape
through the channel (Fig. 44).

Interaction between CD1b and BC8B TCR is primarily
mediated by the CDR3p, which anchors the TCR above the F/
pocket (Fig. 4, C and D and Table S1). Recognition of CD1b is
largely mediated via a network of polar contacts formed be-
tween CD1b al localized residues (Arg79, Glu80, Asp83, and
Asp87) and BC8B TCR CDR3u—p (Fig. 4C). Where BC8B-V[
forms a complex network of interactions with CD1b al
domain with comparatively minor BC8B-Va engagement,
BC8B-Va forms the majority of the contacts with the pre-
sented lipid via the CDR1a and CDR3a loops (Fig. 44). This
indicates that the two TCR chains have distinct yet harmo-
nious roles in the recognition of CD1b-lipid complex: BC8B—
VB anchors onto CDI1b, whereas BC8B-Va determines
phospholipid binding.

BC8B TCR recognizes the diacylated phospholipid in a
nearly identical manner when compared with CD1b—PI-BC8B
and CD1b-PC-BC8B (Fig. 4B). This was as expected because
of the similarities in previously observed steady-state affinity
measurements between CD1b—PC and CD1b-PI contacted by
BC8B (19). Structurally, both lipids are presented in a near
identical manner, with both phospho-headgroup moieties
overlaying closely. Furthermore, the lateral escape channel
formed between the CDR1a and CDR3a regions is conserved,
with a distance of 9.1 A between Thr28a and Thrll3«
(Fig. 4B) (19). Overall, these support the headgroup model by
showing how two different headgroups can escape.

Dual antigenic PI-C34:1 and scaffold lipid contact by BC8B
TCR Leul11f

Comparing TCR-liganded and non-TCR-liganded struc-
tures, Leul11p displaces Tyr151 on CD1b, resulting in a 90°
rotation of its side chain (Fig. 4D). This rotation is observable
in the presence of higher seated spacer lipids that move up
within the F’ portal, as compared with the previous CD1b-PI
C33:0 binary structure. This rotation is also observed within
the complex of BC8B—CD1b-PC; however, the scaffold lipid
observed in the previously determined crystal structure was
shorter (19), and as such, TCR contact was not observed.

Prior crystallographic data have demonstrated that CD1b-
restricted TCRs specifically bind the antigenic lipid, while
“ignoring” the buried scaffold lipid. Here, the CDR3p region

SASBMB
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Figure 3. Overview of presentation of PI-C34:1 by CD1b to BC8B TCR and comparison with unliganded CD1b-PI-C34:1. A, ribbon diagram overview
of CD1b (gray), B2m (black) presenting PI-C34:1 (light orange) and scaffold lipid (purple), and BC8B TCR (a-chain, blue; B-chain, green). Dashed lines on BC8B
TCR a-chain indicate missing residues not visible in the electron density. B, CD1b—-PI-C34:1-BC8B TCR ternary crystal structure unbiased (green, upper) and
refined (blue, lower) electron density maps of Pl and scaffold lipids bound within the CD1b antigen-binding pocket. Unbiased and refined maps are
contoured to 2.5 o and 0.8 g, respectively. C, comparison of presentation of PI-C34:1 in the unliganded CD1b-PI-C34:1 (yellow) and CD1b-PI-C34:1-BC8B
(orange) crystal structures. Arrow indicates upward directional movement of the Pl antigen headgroup upon BC8B TCR docking. Oxygen and sulfur atoms
are colored in red and orange, respectively. Pl, phosphatidylinositol; TCR, T-cell receptor.

tightly locks onto CD1b above the F' pocket, via a network of
polar contacts (Fig. 4C). This mode of contact allows Leulllp
of CDR3 to penetrate the F’ portal, where it contacts both the
snl antigenic acyl tail at the entrance to the C' portal and the
terminus of the C31 scaffold lipid at the F’ portal opening.

This similar mechanism is observed in the previously
determined complex of BC8B—CD1b-PC; however, the scaf-
fold lipid does not protrude high enough through the F’ portal
to permit contacts with Leulllp (Fig. S1, A and B) (19). In
comparison, Leul10f of the GEM42 TCR again penetrates the
F' pocket of CD1b upon GMM presentation but favors con-
tacts with the internal CD1b residue Phe84 (Fig. S1C) (10). A
similar mechanism is observable for the CDR3a Leu99« res-
idue of the human CD1d reactive NKT15 iNKT TCR, both of
which do not involve dual lipid contacts (Fig. S1D) (29). Thus,
unlike other CD1-reactive TCRs, hydrophobic bond—mediated
dual recognition of the antigenic scaffold and the TCR CDR3f3
is observed (Fig. 4D).

SASBMB

Energetic footprint reveals conserved role for Glu80 in TCR
recognition

Alanine scanning mutagenesis was carried out to determine
the impact of CD1b amino acid residues on BC8B TCR
recognition. Specifically, we sought to determine the impor-
tance of contacts conserved across both CD1b-lipid—-BC8B
TCR structures. Based on contacts with the BC8B TCR, eight
CD1b mutants containing endogenous lipids were produced,
and steady-state binding kinetics toward BC8B TCR were
analyzed via SPR (Fig. 5A).

The BC8B TCR exhibits a steady-state affinity of 13.6 uM
for untreated CD1b-WT that is loaded with a mixture of
endogenous (endo) cellular lipids sourced from the expression
system. Previous SPR analysis determined that the BC8B TCR
binds CD1b-endo and CD1b-PI with a similar affinity of 9.3
and 9.7 uM, respectively (19). This outcome can be explained
by the high content of phospholipids in endogenous CD1b and
the ability of the TCR to cross-recognize many phospholipid

J. Biol. Chem. (2023) 299(2) 102849 5
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Figure 4. BC8B TCR recognition of PI-C34:1 and CD1b. A, BC8B TCR a-chain framework (FWa), CDR1a (teal) and CDR3a (purple), as well as the CDR3p of
BC8B TCR B-chain, contact the headgroup and neck region of PI-C34:1 via H-bonds (black dashed lines). Residues involved in lipid contacts are represented
as sticks. B, comparison of lipid presentation in the ternary complexes CD1b-PC-BC8B (PDB ID: 6CUG) and CD1b-PI-C34:1-BC8B indicate that the escape
channel (labeled) formed between the CDR1a (teal) and CDR3a (purple) by docking of BC8B on top of CD1b-lipid remains intact, and the escape channel
diameter is conserved (black dashed line). Neck regions and phosphate groups of PC (blue) and PI-C34:1 (light orange) overlay directly, and both headgroups
are accommodated. C, TCR CDR3a and CDR3 facilitate key contacts with CD1b along the CD1b al region (gray). D, Leu111f of the BC8B TCR B-chain
(vellow) contacts both the PI-C34:1 and scaffold lipid simultaneously via hydrophobic interactions (green dashed lines). Black arrows between CD1b-PI-C34:1
before (blue) and after (gray) BC8B TCR binding indicate direction of movement. CDR, complementarity-determining region; PC, phosphatidylcholine; P,

phosphatidylinositol; TCR, T-cell receptor.

classes (20). As such, SPR analysis was conducted using CD1b-
endo mutants for all affinity measurements. In this analysis, we
found that none of the individual CD1b mutants enhanced
BC8B TCR binding affinity compared with CD1b-WT. A
change in affinity of CD1b—BC8B TCR was considered negli-
gible if no fold change in steady-state affinity was observed
(GIn152 and Glul56), moderate if threefold or less reduction
occurred (Arg79 and Tyrl51), significant if threefold to five-
fold reduction (Val72 and Asp83) occurred, and critical if
fivefold or more reduction occurred or abolishment of binding
was seen (Glu80 and Ile154) (Fig. 5, A and B).

Tyr30a of the TCR is wedged between CDI1b residues
GIn152 and Glul56 via VDW interactions; however, abolish-
ment of these CD1b residues has no significant impact on
BC8B TCR affinity (Fig. 5C). Arg79 forms hydrogen bonds with
Pro109p of the CDR3p and Tyrl12a of the CDR3a (Fig. 5D).
Leulllp displaces Tyrl51 via VDW interactions, allowing for
CDR3p to penetrate the F' portal opening (Fig. 5C). A less than
threefold reduction in binding was observed for Arg79Ala and
Tyr151Ala, signifying moderate impact of this interaction of
CD1b-BC8B binding. A threefold to fivefold reduction in
binding affinity was recorded for Val72Ala and Asp83Ala on
the al helix. Val72 and Asp83 form VDW and salt bridge in-
teractions with Tyr112a on CDR3a and Argll2 on CDR3,

6 . Biol. Chem. (2023) 299(2) 102849

respectively, with Val72 contributing to the correct formation
of the C' portal (Fig. 5D). Altering both resides suggests sig-
nificant impact on both contacts with the key anchoring res-
idue Argl112p and correct formation of the C’ portal for correct
lipid presentation, respectively.

Glu80Ala and Ilel154Ala on the ol and a2 helixes, respec-
tively, recorded a greater than threefold to fivefold reduction in
affinity. Whilst not forming key contacts with the BC8B TCR,
Ile154 plays a critical role in antigenic lipid anchoring by
forming the architecture of the CD1b C' portal, which is a
CD1b-specific structure located beneath the a-helix, and is
thought to allow escape of long lipids (35). Ilel54 stacks
against the sn2 acyl tail of PI, which anchors the presented
antigen to allow for correct recognition by the BC8B TCR
(Fig. 5C). These data show that anchoring and recognition of
CD1b by the BC8B TCR is mediated via the al helix of CD1b
and the BC8B-Vp interface. Glu80 forms a network of VDW
and polar contacts with Leul11 and Argl110 of CDR3p, and we
found that alanine mutation of these residues abolished BC8B
binding (Fig. 5D). This finding is consistent with previous
CD1b-mutant studies where CD1b-lipid recognition is
reduced or abolished by the Glu80Ala mutant in aff TCRs
GEM42, PG90, and PG10 (20). This is due to the conserved
role of Glu80 in hydrogen bond-mediated contact with the

SASBMB
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Figure 5. Surface plasmon resonance (SPR) steady-state affinities of BC8B interacting with CD1b alanine mutants of surface amino acids. A, BC8B
binding against WT CD1b (CD1b-WT) alanine mutants was determined to establish the functional contact sites of the BC8B TCR and compared with
interaction sites determined from structural studies. SPR experiments were conducted with two independent measurements in technical replicates, and
steady state (Kp) measurements with error bars representing SEM are shown. GraphPad Prism software was used to generate sensorgrams (upper panel) and
equilibrium curves (lower panel). B, the surface representation of CD1b (gray surface) with mutants was color coded based on the effect on binding affinity of
the BC8B TCR: dark gray had no effect; yellow had less than threefold reduction: orange had between threefold and fivefold reduction; red indicates greater
than fivefold reduction. C and D, mutated residues are color coded as B. Black dashes represent hydrogen bond formation. TCR CDR3a, CDR1(3, and CDR33
are colored in purple, teal, and yellow, respectively. Lipids Pl and scaffold are colored in light orange and purple, respectively. Oxygen, nitrogen, and sulfur are
colored red, blue, and orange, respectively. CDR, complementarity-determining region; Pl, phosphatidylinositol; TCR, T-cell receptor.

TCR-VB (10, 19, 20) and its role in forming the F' portal
opening. Taken together, through structural and functional
analysis, it has been determined that residues on the surface of
al domain of CD1b play a greater role than that of the a2
domain, with a denser cluster of residues with a critical role or
a significant role in the binding of CD1b—BC8 TCR compared
with previously characterized complexes with the GEM42 and
PG90 TCRs (21, 20).

Defining the interface of BC8B TCR—-CD1b and subsequent
lipid headgroup mediation

This is the fourth CD1b—TCR ternary structure determined
to date (10, 19, 20), advancing our understanding of the
mechanisms governing lipid headgroup recognition by a

SASBMB

CD1b-reactive TCR. In all four cases, the af TCR shows a
small incident angle with CD1b to generate somewhat similar
footprints on the distal surface CD1b in contrast with the
recently observed y§ TCRs that fail to recognize carried anti-
gen because of their sideway binding to CD1a (21) and possibly
CD1b (18). Whereas all four examples now increasingly point
to TCR approach to the membrane distal surface of CD1b, the
data can also distinguish between and explain the differing
mechanisms of broadly reactive and antigen-specific CD1b-
restricted TCRs (Fig. 6, A and B). In each case, TCR binding
toward CD1b is dependent on direct contact and recognition
of the antigenic lipid being presented (Fig. 6C). Furthermore,
the newly determined BC8B TCR-CD1b-PI structure vali-
dates the broad model of antigenic recognition as hypothesized
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with the BC8B-CD1b-PC structure. Here, the TCR directly
contacts the phosphate, glycerol, and snl acyl tail. These
chemical elements can be considered common to the “neck”
region of PI and PC as well as many other common diacylated
phospholipids but are lacking in lysolipid and sphingolipid
antigens. In contrast with this promiscuous mechanism of
response to many types of phospholipids, other antigen-
specific TCRs show high-affinity docking specific recognition
of the particular antigenic polar headgroup, as observable with
PG90 and GEM42 TCRs, which contact self-PG or foreign
glucose monomycolate, respectively (Fig. 6A4) (10, 20).

The BC8B a-chain docks centrally over the F' portal to
contact the lipid antigen, and its footprint runs parallel across

A BCBB TCR

BC8B TCR

“

the antigen-binding pocket of CD1b with a lateral escape
channel formed by CDRla and CDR3a encompassing the
exposed lipid headgroup (Fig. 6B). As such, TCRa contributes
the highest percentage of contacts with the antigenic head-
group, based on buried surface area (BSA) (Fig. 6D). Of the
TCRa CDR loops, it is CDR3a that coordinates most of the
antigenic recognition surface, with BC8B CDR3a contributing
51% of the total 77% BSA of TCRa against the presented
phospholipid antigen. The remainder of the BSA against PI is
determined by the FW and CDR3 residues, which contribute
at 7% and 15% of the binding surface, respectively (Fig. 6D).
In contrast, lipid antigen headgroup recognition is mediated
equally by the a- and p-domains of antigen-specific TCRs,

GEM42 TCR

&

'

VW s opﬁs
%o

EFramework [ICDR1a [EICDR2a [ICDR3a IICDR1p [CJCDR3B

Figure 6. Comparison of CD1b-PI-C34:1-BC8B with ternary structures of CD1b-lipid complexes. A, ribbon diagrams of ternary complexes of CD1b
presenting self (CD1b-PI-C34:1-BC8B, CD1b-PC-C34:1-BC8B, and CD1b-PG-PG90) and foreign lipids (CD1b-GMM-GEM42) for af3-TCR recognition. The
BC8B TCR escape channels formed between the CDR1a and CDR3a are highlighted. B, spheres color coded to the respective a chain and B chains of the
respective TCR complex representing the center of mass of the TCR. CD1b-PI-C34:1-BC8B (a-chain, blue; B-chain, green), CD1b-GMM-GEM42 (a-chain,
brown; B-chain, pale pink), CD1b-PG-PG90 (a-chain, orange; B-chain, pale blue). C, af-TCR contacts of lipid antigens presented by CD1b. CDR1a (teal), CDR3a
(purple), CDR2p (green), and CDR3p (yellow) directly involved in lipid antigen recognition are represented as ribbons, with contact residues as sticks, and
H-bonds (black dashed lines) with exposed head and neck regions of antigenic lipids. D, pie chart graphical representation of percentage buried surface area
(%) between antigenic lipid headgroup and TCR framework (blue), CDR1a (teal), CDR2a (green), CDR3a (purple), CDR1p (red), and CDR3( (yellow). CDR,
complementarity-determining regin; GEM, germline-encoded mycolyl; GMM, glucose 6-monomycolate; Pl, phosphatidylinositol; TCR, T-cell receptor.
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PG90 and GEM42. In both cases, ~50% of TCR docking is
mediated by the CDR3p, which play a role in both antigen
headgroup and CD1b contact. Because of differences in PG90
and GEM42 gene usages, as well as differences in antigenic
headgroup sizes between PG and GMM, the CDR3a contact
contributions differ amongst these TCRs (Fig. 6D). Antigen
recognition is dependent on CDR3a—f centric contacts by
PG90 to completely sequester the PG headgroup and anchor
onto CD1b, whereas the GEM42 TCR relies more heavily on
the CDRI1p for antigenic anchoring (Fig. 6, C and D).

CD1b-reactive TCRs mediate antigen plasticity within the
CD1b-binding groove

Remodeling of the lipids within the CD1b-binding pocket by
TCR CDR is required to accommodate the final docking po-
sition and optimal antigen recognition. While the molecular
mechanisms of broad and specific antigen recognition differ,
antigenic rearrangement is consistently observable across all
four CD1b-TCR crystal structures, resulting in partial eleva-
tion of the lipid from within the antigen-binding groove
(Fig. 7).

While CDR rearrangement is minimal upon docking by the
BC8B TCR, the seated antigen’s position is elevated 3.6 to
4.0 A within the A’ and C’ pockets. Furthermore, the CD1b a2
hinge region is stabilized and rotated inward upon BC8B
docking (Fig. 7, A and B). In contrast to this antigen lift
mechanism, both the PG90 and GEM42 TCRs push the anti-
genic headgroup toward the F' pocket of CD1b by 4.3 to 6.1 A,
a shift that is accompanied by the CDR3p surrounding and
sequestering the headgroup (10, 20) (Fig. 7, C and D). In all
four cases, TCR-induced remodeling moves the apparent ter-
minus of the antigenic lipid by ~6 to 8 A within the A’ pocket,
a change that is offset by the change in density corresponding
to the bound scaffold lipids in the T’ pocket, so that unli-
ganded space within the cleft does not appear. This shift
maintains the CD1b-lipid hydrophobic network for binding
groove architectural integrity at the base of the A’ pocket,
despite the variable positioning of bound lipids (Fig. 7). This
comparison demonstrates the plasticity of lipid placement
within the antigen-binding pocket of CD1b, and that antigenic
remodeling by the TCR is required for energetically optimized
binding.

Discussion

Our understanding of CD1-lipid-mediated antigen recog-
nition was originally derived from ternary crystal structures of
NKT TCRs docking onto CD1d and hexosyl ceramides,
whereby the TCR specifically recognizes CD1d and the hexose
unit of the glycolipid (29, 48, 49). As this general model is
expanded to amphipathic ligands other than glycolipids, as
well as CD1 isoforms other than CD1d, additional chemical
and structural features of TCR interaction with lipid antigens
are emerging. TCRs can show extreme specificity for individ-
ual headgroups (40, 50), partial specificity for certain broad
classes of lipids (19) or extreme ligand promiscuity for nearly
all carried lipids (24, 25). As only the fourth solved ternary
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structure of a CD1b-lipid—TCR complex, our work structur-
ally validates a mechanism for TCR contact the shared neck
regions common to many phospholipids, which occurs
through escape of chemically diverse headgroups via a channel
in the TCR. Furthermore, our data point to unexpected roles
of scaffold lipid both in TCR contact and accommodating
antigen movement within the cleft, as well as the beginnings of
conserved approach angles and TCR footprint positions on
CD1b.

Here, we show that BC8B CDR3p contacts both exoge-
nously loaded antigen and reaches down toward the F’ portal
to contact the endogenous scaffold lipid. Somewhat similar
contacts of the CD1c autoreactive aff TCR 3C8 to the spacer
lipid have been seen (25); however, the CD1b mechanism
seen here is different in the sense that the TCR contacts both
the spacer and the antigenic lipid. Our data inform and
expand the hypothesis of Camacho et al. (9), who proposed in
context of M. tuberculosis sulfoglycolipid recognition that
longer chain endogenous scaffold lipids (>C36) could
possibly protrude beyond Tyrl51 through the F' portal,
potentially allowing for antigenic headgroup and scaffold lipid
cocontact by the CDR3 of the TCR. While the long scaffold
lipid observed here matched a length of 36 carbons based on
electron density, the scaffold does not protrude from the F/
portal, and instead, the TCR contact inside CD1b is demon-
strated directly.

While the function of CD1b—phospholipid-reactive aff T
cells is being elucidated in autoimmunity, the roles of self-
reactive T cell such as BC8B are just beginning to be investi-
gated. Furthermore, activation of CD1b+ autoreactive T cells
after human CD1b transgenesis induced hyperlipidemia that
leads to skin inflammation in mice (45, 46). Recent tran-
scriptomic analysis revealed that CD1b gene upregulation in-
dicates a positive prognostic score in localized prostate cancer
patients (51). Furthermore, there is a marked increase in
atypical mixed acyl tail PI species in prostate cancer tissue
compared with benign epithelial tissue, which may act as both
a potential biomarker for cancer prognosis as well as antigens
for CD1b+ T cells (52). Alternatively, in the case of broadly
reactive T cells such as BC8B, which do not selectively activate
against a specific antigen, these T cells may play a role more in
CD1b+ T-cell negative thymic selection, with CD1b+ T cells
that dock via the antigen-specific model of corecognition
playing a direct role in immunity (19).

Altogether, we have provided the molecular mechanisms of
self-glycophospholipid presentation by CD1b and afTCR
recognition, expanded on our understanding of the molecular
mechanisms of CDIlb-restricted afTCR autoreactivity.
Conceptually, these data contribute to the gradually expanding
structural characterization of TCR recognition of CD1b in
defining distinct models of binding, with implications for the
direct role of the endogenous scaffold lipid in T-cell-mediated
immune activation. Future alanine scanning mutagenesis
studies on TCR interface residues would be of benefit to
further characterize mechanisms of docking onto CD1b. The
next challenge would be to characterize the functional role of
autoreactivity mediated by CDl1b-reactive T cells and how
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Figure 7. Comparison of lipid reorganization within the CD1b binding groove upon TCR docking. Side view structural overlays of CD1b-lipid binary
complexes (light) and CD1b-TCR complexes (dark) of (A) CD1b-PI-32:1-BC8B (yellow), (B) CD1b-PC-BC8B (red), (C) CD1b-PG-PG90 (green), and (D) CD1b-
GMM-GEM42 (blue). CD1b a1 and a2 helices (gray) as well as TCR CDR3a (purple) and CDR3 (yellow) are represented as surfaces (upper) and ribbons (lower),
with lipid antigens and scaffold lipids represented as sticks. Arrows indicate direction and distance (in A) of movement for CD1b (black), TCR (red), antigenic
lipid (blue), and scaffold lipid (green). CDR, complementarity-determining region; Pl, phosphatidylinositol; TCR, T-cell receptor.

these self-antigens mediated autoimmune responses in adap-
tive immunity.

Experimental procedures
Lipids
PI (catalog no.: 850142; C16:0/18:1) was purchased from

Avanti Polar lipids. Lyso-sulfatide (lyso; catalog no.: 1904) was
purchased from Matreya, LLC.

BC8B and CD1b protein production

Recombinant TCR BC8B was expressed and purified as
previously described (19). Briefly, soluble domains of BC8Ba
and BC8BB were cloned into the pET30a vector, and
expressed and refolded via E. coli inclusion bodies as well as
purified by size-exclusion chromatography and HiTrap-Q
HP anion exchange chromatography to homogeneity.

10 J Biol Chem. (2023) 299(2) 102849

CD1b WT and alanine scanned mutants were solubly
expressed in either Trichoplusia ni High Five insect cell line
via baculovirus pFastBac dual transfection or via the
mammalian adherent expression system using human em-
bryonic kidney 293 S GnTI". Soluble CD1b was purified to
homogeneity by Ni**-metal affinity chromatography to select
for the N-terminal hexahistidine tag, followed by size-
exclusion chromatography. Purity of BC8B and CD1b was
assessed by SDS-PAGE.

Exogenous lipid loading into CD1b

Homogeneity of CD1b-lipid presentation was achieved by
loading CD1b via a two-stage loading protocol previously
described (19). Briefly, CD1b was incubated with a molar
excess of lysosulfatide at pH = 4.0 and 0.5% tyloxapol (Merck;
catalog no.. 25301-02-4) at room temperature overnight
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followed by incubation at 37 °C for 60 min prior to purifi-
cation via anion exchange chromatography. This was repeated
using the CD1b-lysosulfatide sample with PI in a molar excess
to obtain a homogeneous sample of CD1b-PI-C34:1. Lipid
loading was validated by 4 to 6.5 pl gradient isoelectric
focusing gel (Cytiva) and anion exchange chromatography.
Proteins were buffer exchanged into 10 mM Tris (pH 8.0) and
150 mM NaCl for crystallographic and biophysical
experiments.

Crystallization and structural determination

Crystals of CD1b-PI-C34:1 and CD1b-PI-C34:1-BC8B
were grown via the hanging drop vapor diffusion method at
20 °C. Protein samples were concentrated to 5 mg ml™" and
mixed with mother liquor at a ratio of 1:1, with a crystalli-
zation condition of 24% (w/v) PEG 3350, 2% ethylene glycol,
0.2 M sodium iodide for CD1b—PI-C34:1, and 24% (w/v)
PEG 4000, 0.02 M Tris—HCIl (pH 7.0), and 2% ethylene
glycol for CD1b-PI-C34:1-BC8B. Crystals of CD1b-PI-
C34:1 and CD1b-PI-C34:1-BC8B were soaked in a cryo-
protectant of 10% (v/v) ethylene glycol + mother liquor and
flash frozen in liquid nitrogen. Data were collected at the
Australian Synchrotron at the MX2 beamline and made use
of the Australian Cancer Research Foundation EIGER X
16M detector (Dectris) and Synchrotron Blu-Ice software,
version 1.0 (53). Data were processed using XDS and scaled
using AIMLESS as part of the CCP4i program suite (54).
One complete dataset for each complex was collected.
Crystal structures were solved by molecular replacement via
Phaser as part of the Phenix program suite (55), with CD1b—
PC (PDB ID: 6D64) and CD1b-PC~BC8B (PDB ID: 6CUG)
used as models for CD1b—PI-C34:1 and CD1b-PI-C34:1-
BC8B, respectively (19). Manual adjustment of each model
was conducted in Coot (56), followed by maximum-
likelihood refinement with Phenix-refine (55). Molecular
representations of structures have been constructed using
PyMOL (Shrodinger, https://www.schrodinger.com/), con-
tacts were identified using the CONTACT program, and the
center of mass was calculated using Areaimol within the
CCP4i suite (54). Contact distance cutoffs were defined as
3.5 A for hydrogen bonds, 4.5 A for salt bridges, and 4.0 A
for VDW interactions.

SPR

SPR steady-state affinity measurements of BC8B against
CD1b mutants V72A, R79A, E80A, D83A, Y151A, Q152A,
1154A, and E156A containing endogenous lipids was con-
ducted at 25 °C on the BIAcore 3000 instrument in 10 mM
Tris—HCI (pH 8) and 150 mM NaCl supplemented with 0.5%
(w/v) bovine serum albumin. Approximately 3000 RU of each
monomer was coupled on the SA chip, with major histo-
compatibility complex class-I molecule H-2Db used for
reference subtraction. Experiments were conducted as n = 2
with two technical duplicates. Steady-state affinity calculations
using the 1:1 Langmuir binding model, data analysis, and
visualization were generated using GraphPad 7.0.
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Data availability

The crystallographic datasets generated and analyzed within
the current study were deposited to the PDB under codes
8DV3 (crystal structure of CD1b presenting PI-C34:1) and
8DV4 (crystal structure of CD1b presenting PI-C34:1 to afp
TCR BCSB).
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