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The immune checkpoint protein, Lymphocyte activation gene-3 (LAG3), binds
Major Histocompatibility Complex Class Il (MHC-II) and suppresses T cell
activation. Despite the recent FDA approval of a LAG3 inhibitor for the treat-
ment of melanoma, how LAG3 engages MHC-II on the cell surface remains
poorly understood. Here, we determine the 3.84 A-resolution structure of
mouse LAG3 bound to the MHC-Il molecule I-A®, revealing that domain 1 (D1) of
LAG3 binds a conserved, membrane-proximal region of MHC-II spanning both
the a2 and 2 subdomains. LAG3 dimerization restricts the intermolecular
spacing of MHC-II molecules, which may attenuate T cell activation by enfor-
cing suboptimal signaling geometry. The LAG3-MHC-Il interface overlaps with
the MHC-II-binding site of the T cell coreceptor CD4, implicating disruption of
CD4-MHC-Il interactions as a mechanism for LAG3 immunosuppressive func-
tion. Lastly, antibody epitope analysis indicates that multiple LAG3 inhibitors
do not recognize the MHC-II-binding interface of LAG3, suggesting a role for

functionally distinct mechanisms of LAG3 antagonism in therapeutic

development.

Over the last decade, immune checkpoint blockade emerged as a
transformative strategy for the treatment of cancer. The first FDA-
approved checkpoint inhibitors, antibodies targeting the immune
inhibitory receptors PD1 and CTLA4, block ligand-mediated activation
to boost the function of effector T cells in the tumor environment'. The
clinical success of PD1 and CTLA4 antagonism has prompted the
assessment of additional immune checkpoint proteins as therapeutic
targets, especially given that existing immunotherapies are only
effective for a subset of patients and cancer types’. To this end, a
monoclonal antibody targeting the immune checkpoint protein Lym-
phocyte Activation Gene-3 (LAG3) was recently approved by the FDA
as a combination therapy with anti-PD1 for the treatment of advanced
melanoma’. Unlike the PD1 and CTLA4 systems, where a large body of
research provided detailed insight into their inhibitory mechanisms,
we have limited molecular-level understanding of LAG3-mediated
immunosuppression®.

LAG3 is expressed on a wide range of immune cell subsets and is
best characterized for its role as a negative regulator of activated
CD4" and CD8' T cells*®. Interactions between LAG3 and its primary
ligands MHC class 1°'° and Fibrinogen-like protein 1 (FGL1)" inhibit
antigen-stimulated T cell activation, although the relative impor-
tance of each ligand is unclear. LAG3 mutations that disrupt FGL1
binding had no effect in mouse models of autoimmunity and cancer,
whereas mutations that disrupted MHC-II binding nullified the sup-
pressive activity of LAG3 in both systems'?. These data suggest that
MHC-II interactions more broadly affect LAG3 function, and that
FGL1-mediated effects may be context-dependent. LAG3 may also
exert ligand-independent functions by disrupting interactions
between the TCR signaling kinase Lck and the intracellular domains
of CD4 and CDS8".

Structural studies of LAG3 ectodomains, either alone or in com-
plex with inhibitory antibodies, have provided insight into the
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molecular architecture of the LAG3 protein'*'®, These structures
revealed that the four immunoglobulin-like domains of LAG3 (D1-4)
adopt an extended conformation and homodimerize through D2-D2
interactions'*". LAG3 homodimerization has been shown to be func-
tionally important, as mutations and antibodies that disrupt the D2-D2
interface inhibit LAG3-mediated immunosuppression'®”. Inhibitory
antibodies have been found to recognize epitopes in all four LAG3
domains, and the clinically approved antibody relatlimab has been
shown to bind a linear epitope in a non-conserved “Loop 1” insertion
(residues S69 to G93) within D1 of human LAG3 (hLAG3)"'%%°, An
agonist antibody, IMP-761, has also been shown to bind to D1 of human
LAG3**#, implying that there are functional or therapeutic differences
associated with targeting different domains or epitopes of the
LAG3 ECD.

Here, we report the structure of the ligand-binding D1-D2 domains
of mouse LAG3 (mLAG3) in complex with the MHC-Il molecule I-A°.
Structural analysis reveals that the MHC-II-binding sites of LAG3 and
CD4 overlap such that LAG3 competitively inhibits MHC-II-CD4 inter-
actions, LAG3 dimerization is predicted to enforce suboptimal spacing
of MHC-II-TCR complexes, and LAG3 antagonist antibodies may
function through MHC-II-blocking and non-blocking mechanisms.
These findings address several longstanding questions about LAG3
molecular function and provide a blueprint for the structure-guided
development of targeted immunotherapies.

Results
Crystal structure of LAG3 bound to MHC-II
We used a single-chain fusion approach to stabilize low affinity
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Fig. 1| Structure of LAG3 bound to MHC class II. a Cartoon depicting LAG3 (cyan)
in the context of an MHC-II (violet/pink) bound to the TCR-CD3 complex (grey). D1 of
LAG3 binds to MHC-II, and D2 mediates LAG3 dimerization. b Schematic of the scLAG3-
MHC-II construct used for structure determination. ¢ A size-exclusion chromatogram
from purification of scLAG3-MHC-II indicates that the construct elutes as a

determination. In this construct, the ligand binding D1-D2 region of
mouse LAG3 (mLAG3, Fig. 1a) was fused to the N-terminus of the I-A°
beta chain using a flexible (GGGGS), linker (Fig. 1b). Class Il-associated
invariant chain peptide (CLIP) was also fused to the N-terminus of the
MHC-II alpha chain as previously described”, and the two constructs
were co-expressed to reconstitute the LAG3-peptide-MHC-II complex.
The single-chain protein, henceforth referred to as scLAG3-MHC-II,
eluted as a single monodisperse peak following purification on a size
exclusion column (Fig. 1c).

The 3.84 A-resolution crystal structure of scLAG3-MHC-II reveals
that D1 of LAG3 engages a surface spanning the membrane-proximal o2
and B2 subdomains of I-A° (Fig. 1d, Supplementary Fig. 1, Supplemen-
tary Table 1). The structure was solved by molecular replacement with
2.1 A-resolution models for both mLAG3 and I-A, which guided our
analysis of putative contact residues in the medium-resolution scLAG3-
MHC-II structure'*, LAG3 interactions with a2 are largely mediated by
inter-strand loops at the tip of mLAG3 D1, whereas its interactions with
[32 are mediated by residues along the edge of the D1 3-sheet (Fig. 2a). A
cluster of polar residues in two D1 loops, N54, R57, R121, Q124 and R125,
are located opposite a charge-complementary surface of MHC-II o2
containing S152, D189, E198 and E199 (Fig. 2b, Supplementary Fig. 1a).
The mLAG3-f32 interface contains a mixture of polar and hydrophobic
amino acids and is centered on the flexible Loop 2 region (G103 to P111)
of D1 (Fig. 2a). Loop 2 lacks secondary structure in unliganded struc-
tures of LAG3, and MHC-II engagement rearranges this region into a
more compact B-turn that packs against a ridge of hydrophobic resi-
dues in o2 (F119) and B2 (1176, L186, M188) (Fig. 2a)**.

The established Loop 2 mutations, GI03R", R106A**, and P111A"°
disrupt LAG3 binding to MHC-Il-expressing cells and can be explained

LAG3P12
MHC-lla

cLIP
MHC-IIB

monodisperse peak. The inset SDS-PAGE gel shows the purified LAG3”>MHC-lla and
CLIP-MHCHII B3 single-chain fusion proteins. This data is representative from one of at
least three independent scLAG3-MHC-I purifications. Source data are provided as a

Source Data file. d Crystal structure of the scLAG3-MHC-II construct consisting of the
LAG3 D1 and D2 domains (teal) bound to I-A® (violet/salmon) loaded with CLIP (yellow).
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Fig. 2 | Structural analysis of LAG3-MHC-II binding interfaces and stoichio-
metry. a LAG3-MHC-II binding interfaces on the structure of scLAG3-MHC-II are
indicated with black boxes. The Loop 1 insertion in LAG3 D1 was disordered in the
structure and is indicated by a dotted line, and the residues of Loop 2 are shown as
blue spheres. The MHC-II o and (3 chains are colored salmon and violet, respec-
tively, and mLAGS3 is colored cyan. The left zoom panel depicts Loop 2 interactions
with the a2 and B2 subdomains of I-A°. LAG3 residues associated with loss-of-
binding mutations are labeled in red, with asterisks designating mutations that
were tested in this study. The Ca positions of GI03R and P111A mutations are
marked with red spheres. The right zoom panel depicts the charge-complementary
surface between strand-connecting loops of LAG3 and the a2 domain of I-A°. b SPR
isotherms comparing the binding of mLAG3-Fc and mLAG3"A-F¢ to immobilized
I-A®. The mLAG3 and mLAG3"™"™ proteins were each produced as N-terminal fusions

2:2 complex modeled from mLAG3 dimer (PDB: 8DGG)

to human IgGl Fc. ¢ SPR isotherms comparing the binding of mLAG3 and
mLAG3%*® or mLAG3"2** to immobilized I-A°, and the binding of mLAG3 to I-A®
containing E198A and E199A mutations. d Size-exclusion chromatography coupled
to multi-angle light scattering (SEC-MALS) was used to measure the solution
molecular weight of scLAG3-MHC-II, which corresponds to a 2:2 complex. The
molecular weight indicated is an average of three independent experiments. e A 2:2
complex of mLAG3"? (cyan and teal) bound to I-A® (violet/salmon), generated
through crystallographic symmetry, is depicted as it may occur between two cells.
Engagement of MHC-Il by LAG3 dimers separates the MHC-Il molecules by ~105 A.
APC: antigen-presenting cell. f A 2:2 model of LAG3-MHC-Il was generated by
superimposing two copies of scLAG3-MHC-II onto the structure of dimeric mouse
LAG3 (PDB 8DGG)'°.LAG3 is in green and MHC-Il is in violet/salmon. Source data are
provided as a Source Data file.

by the scLAG3-MHC-II structure. The G103 residue is buried at the
interface such that steric clashes would occur upon the introduction of
a bulky arginine side chain, and replacement of the charged side-chain
of R106 with alanine likely perturbs polar interactions with opposing
MHC-IIB2 residues (Fig. 2a). The effect of the P111A mutation is less
obvious given that P111 is located outside the LAG3-MHC-II interface
(Fig. 2a). However, Alphafold modeling®?® suggests that substitution
of this rigid proline with alanine creates a helix in Loop 2 that distorts
the positions of MHC-II-binding residues (Supplementary Fig. 2b). SPR
measurements support the above predictions and show a loss of
binding between mLAG3™ or mLAG3“'**® and I-A® (Fig, 2b, c). We also

performed an SPR experiment to investigate the contributions of
residues in the charge-complementary mLAG3-MHC-llo2 interface. We
determined that an RI125A mutation in mLAG3, or an E198A/E199A
double mutation in I-A®, each diminish LAG3-MHC-II binding (Fig. 2c).
These findings agree with published data showing that an RI2IA
mutation (analogous to R103 in the mature hLAG3 ECD) attenuates
binding between LAG3-expressing and MHC-Il-expressing cells*.
Loopl of LAG3 has been implicated in MHC-Il binding'®*, but this
region is disordered in the complex structure and faces away from
MHC-II (Fig. 2a). Through our efforts to study LAG3-MHC-II interac-
tions, we also determined a 4.66 A-resolution structure of a single-
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Fig. 3| LAG3 and CD4 bind to overlapping interfaces on MHC-II. a Alignment of
SCLAG3-MHC-Il and CD4-MHC-II (PDB 1JL4)* structures indicates that LAG3 (cyan)
and CD4 (yellow) share a binding site on MHC-II. The MHC-Il « and 3 chains are
shown in light and dark grey, respectively. The approach angle of CD4 D1-D2 is
tilted by ~25° compared to LAG3 D1-D2. b The regions surfaces bound by LAG3
(left, cyan) and CD4 (right, yellow) are painted onto the surface of MHC-Il mole-
cules. The LAG3-MHC-II interface buries nearly double the amount of surface area
(1012 A?) of that buried by the CD4-MHC-Il interface (512 A2). ¢ Raji APC cells were
stained with fluorescently labeled LAG3 tetramers (20 nM) in the presence or

Probe: CD4HA

Reservoir: DR4HIV
— No competitor
Fc control
— hLAG3-Fc
1 1 1
0 200 400 600
Time (s)

absence of 1 uM CD4"* competitor. The control represents Raji APC cells incubated
with streptavidin 647 only. Data are shown as normalized median MFI + SEM based
on triplicate wells from two independent experiments (n=2). Open and closed
circles represent data points from each independent experiment. Statistics were
obtained using a one-way ANOVA multiple comparison in Prism 9 (Version 9.5.1).
d BLI sensograms depict the binding of immobilized CD4"* to HLA-DR4 molecules
loaded with an HIV peptide (DR4"")* in the presence of hLAG3-Fc protein (5 pM) or
Fc control protein (5 uM). The plot depicts a representative sensogram from two
independent experiments. Source data are provided as a Source Data file.

chain Loop 1 deletion mLAG3 construct bound to MHC-II (scLAG3*"-
MHC-II). We found that truncation of Loop 1 did not affect the ability of
mLAG3 to co-crystallize with MHC-II, and the positions of the mLAG3
A1 and I-A® domains were unchanged compared to scLAG3-MHC-II
(Supplementary Fig. 2c, Supplementary Table 1), suggesting that
Loopl is not essential for LAG3-MHC-Il complex formation. To test this
hypothesis, we compared the binding I-A® to mLAG3 and a Loop 1
deletion construct (mLAG3*") using surface plasmon resonance (SPR),
and we evaluated the ability of mLAG3*" to inhibit mLAG3 binding to
MHC-Il-expressing cells. In the SPR study, we found that mLAG3 binds
to MHC-Il with 2-fold higher affinity (7.4 uM Kp) than mLAG3*" (14.8 uM
Kp) (Supplementary Fig. 2d). However, in the cellular assay, unlabeled
mLAG3*" strongly inhibited the binding of fluorescently-labeled
mLAG3 to MHC-II" Raji cells (Supplementary Fig. 2e). Taken together,
these data suggest that Loop 1 plays a minor role in LAG3-MHC-II
engagement. Loop 1is positioned outside of the LAG3-MHC-Il interface
(Fig. 2a), and we posit that it indirectly promotes MHC-II binding by
stabilizing the “kinked” MHC-II-bound conformation of D1-D2 by
sterically restricting the motion of the opposing D1 in LAG3 homo-
dimers (Supplementary Fig. 3a)'*'°.

Modeling dimeric LAG3 interactions with MHC-II

The scLAG3-MHC-II construct provides a unique tool for determining
LAG3-MHC-II stoichiometry, as the single-chain format prevents the
dissociation of low affinity LAG3-MHC-1I complexes in solution.

Analysis of scLAG3-MHC-II by size exclusion chromatography coupled
to multi-angle light scattering (SEC-MALS) indicates that its molecular
weight corresponds to a 2:2 complex, which is consistent with the
binding of two monomeric MHC-1l molecules to one LAG3 homodimer
(Fig. 2d). Although scLAG3-MHC-II crystallized as a 1:1 complex, a
dimer formed between mLAG3 protomers from adjacent unit cells,
enabling us to model the 2:2 interaction. The dimer interface is located
within the same hydrophobic surface as those of published LAG3
structures'*'®, except that the orientation of D2-D2 is skewed by ~ 110°
relative to D2-D2 in unliganded mLAG3 (Supplementary Fig. 3b). By
contrast, the D1-D2 interdomain angles are nearly identical between
the MHC-II-bound and unliganded structures (Supplementary Fig. 3c).
In the crystal lattice, the mLAG3 dimer forms a V-shaped wedge
between MHC-II proteins that separates their peptide-binding domains
by >100 A (Fig. 2d). Previous studies of T cell signaling have shown that
increased separation between MHC-II molecules, starting at distances
of 60 A, is associated with diminished TCR activation”’. Thus, LAG3
could potentially inhibit antigen-mediated T cell signaling by inducing
suboptimal TCR-MHC-Il geometry.

The mLAG3 ECD has crystallized in multiple dimer
conformations'*¢, and we cannot rule out the possibility that the
presence of a linker perturbs scLAG3-MHC-II dimerization. To consider
alternative possibilities, we modeled a 2:2 interaction based on the
conserved D2-D2 orientation observed in three structures of the full-
length LAG3 ECD (Fig. 2e, Supplementary Fig. 3a), including a cryoEM
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Fig. 4 | The MHC-II-specific antibody, 44H10, disrupts MHC-II binding to LAG3
and CD4. a Structural alignments showing that the antibody 44H10 (blue)**
occupies the MHC-II interface bound by LAG3 (cyan, left) and CD4 (yellow, right).
b Raji APC cells were stained with a fluorescently labeled LAG3 tetramers (20 nM) in
the presence or absence of a 44H10 single-chain variable fragment (scFv)-Fc fusion
protein. The control represents Raji APC cells incubated with streptavidin-647
alone. Data shown as normalized median MFI + SEM based on triplicate wells from
one representative experiment. The experiment was independently repeated two
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times. Statistics were obtained using a one-way ANOVA multiple comparison in
Prism 9 (Version 9.5.1). ¢ BLI sensograms depict the binding of immobilized human
LAG3 protein to HLA-DR4"" in the presence of increasing concentrations of 44H10
scFv-Fc fusion protein. d BLI sensograms depict the binding of immobilized CD4"*
protein to HLA-DR4"" in the presence of increasing concentrations of 44H10 scFv-
Fc fusion protein. The plots in c and d each depict a representative sensogram from
two independent experiments. Source data are provided as a Source Data file.

structure in which LAG3 is not constrained by crystal packing' . In
this 2:2 model, the MHC-II proteins are oriented differently with
respect to one another, but inter-MHC-II distance is still approximately
100 A (Fig. 2. This analysis indicates that LAG3-enforced separation of
MHC-II proteins is maintained regardless of which dimer conformation
is adopted on the cell surface.

LAG3 and CD4 bind to overlapping interfaces on MHC-II

There has been conflicting evidence regarding the ability of LAG3 and
CD4 to compete for MHC-II interactions™*'>?%, LAG3 was initially clas-
sified as a CD4 homolog based on structural and genomic similarity®,
and LAG3-Fc fusion proteins have been shown to inhibit CD4/MHC-II-
mediated cellular aggregation®. On the other hand, the D1 domains of
LAG3 and CD#4 are poorly conserved (~20% amino acid identity), and
recent cell staining data indicated that LAG3 and CD4 can simulta-
neously bind to MHC-Il molecules on the cell surface'*. Comparison of
SCLAG3-MHC-Il and CD4-MHC-IF° structures demonstrates that LAG3
and CD4 bind to overlapping interfaces on the MHC-II protein (Fig. 3a).
Superimposing the MHC-Il components of each structure shows that
LAG3 and CD4 engage MHC-II via similar binding modes, with D1-D2 of
mLAG3 approaching MHC-II at a shallower angle than D1-D2 of CD4
(Fig. 3a). LAG3 covers nearly double the amount of surface area buried
at the CD4 interface (1012 A2 vs. 512 A% and occludes the CD4 binding
sites on both MHC-II a2 and 2 (Fig. 3b). This larger surface area is
consistent with the higher MHC-II-binding affinity of LAG3 (Kp, 2 to
14 uM)"*?*? compared to CD4 (Kp > 400 uM)**%,

Analysis of the scLAG3-MHC-II structure reveals that both sides of
the interface are conserved. On the LAG3 side, the MHC-II-binding
interface is conserved in mouse and human LAG3 despite relatively low
overall sequence identity (67%) between their D1 domains (Supple-
mentary Fig. 4a). By contrast, comparison of CD4-MHC-II (PDB ID:
1JL4)*° and scLAG3-MHC-II structures revealed that there is minimal
conservation among the putative MHC-II-binding residues in CD4 and

LAG3 (Supplementary Fig. 4b). On the MHC-II side, the LAG3-binding
interface is conserved in the mouse I-A® and I-EX MHC-Il molecules and
in the human DR, DP, and DQ MHC-II molecules (Supplementary
Fig. 5), indicating that the LAG3-MHC-II binding mode is similar
between mouse and human MHC-II subtypes.

We directly tested the ability of LAG3 to compete for CD4-MHC-II
interactions using biophysical and cellular approaches. Because low
affinity CD4-MHC-II interactions are difficult to detect in most
formats®, we used a high-affinity variant of human CD4 containing the
mutations Q65Y, T70W, S85R and D8SR (CD4") for our competition
assays™. We first evaluated the ability of CD4"* to compete with a
hLAG3 (hLAG3) for binding the human MHC-lI-expressing Raji cell line.
We found that pre-treatment of the cells with 1M of unlabeled CD4"
led to a ~ 50% reduction in the binding of fluorescently labeled hLAG3
tetramers (Fig. 3c). In a second assay, we tested whether a human
LAG3-Fc fusion protein (hLAG3-Fc) inhibits the binding of CD4"* and
MHC-II using biolayer interferometry (BLI). We found that CD4"*
detectably bound to the human MHC-Il molecule HLA-DR4"", and that
addition of hLAG3-Fc inhibited CD4" interactions with HLA-DR4
(Fig. 3d). These structural and functional data suggest that competi-
tion for CD4-MHC-II binding is a potential mechanism for LAG3-
mediated T cell suppression.

Analysis of epitopes bound by MHC-II- and LAG3-targeting
antibodies

We analyzed the epitopes of several MHC-II- and LAG3-targeting anti-
bodies to investigate their ability to modulate LAG3-MHC-II interac-
tions. Inspection of the structure of the antibody 44H10 bound to HLA-
DR1 (PDB ID: 8EUQ)**** suggests that 44H10 blocks MHC-Il interactions
with both LAG3 and CD4 (Fig. 4a). To test this hypothesis, we evaluated
the ability of 44H10 to disrupt hLAG3 tetramer binding to APC cells.
We found that the addition of 44H10 almost completely inhibited the
binding hLAG3 to APC cells (Fig. 4b), and that LAG3 did not stain
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Fig. 5 | Epitope mapping of LAG3 antagonist antibodies. a Structural modeling
predicts that relatlimab (green) binds an epitope (red spheres) distal to the LAG3-
MHC-Il interface. The disordered Loop 1 region was derived from an Alphafold®*
model of hLAG3 D1, and the epitope-bound structure of relatlimab (PDB 7UM3)"®
was aligned to the corresponding Loop 1 residues to place relatlimab in the context
of LAG3 and MHC-IL. b Aligning favezelimab-LAG3 and scLAG3-MHC-II structures
predicts that favezelimab binding is incompatible with LAG3-MHC-II interactions
due to steric clashes with MHC-II B2 (red). ¢ Mapping the epitopes of 15011 (yellow
spheres) and M8-4-6 (orange spheres) onto the structure of scLAG3-MHC-II reveals
that the antibodies engage LAG3 residues in or adjacent to the MHC-II binding
interface. d Comparison of the MHC-II-binding interface or mLAG3 (top) and the

T cell membrane

b. a2

> z
Cir=) D2
e T .
©~__J favezelimab
C. a2

15011 epitope
G103-R109

CI9B7W epitope
W180, N209, F214

ieramilimab-binding interface of hLAG3 (bottom). The D1-D2 domains of mLAG3
from the scLAG3-MHC-II structure and hLAG3 (PDB: 7TZG) are depicted in surface
representation, and the residues bound by MHC-II or ieramilimab. e Residues
bound by the mouse LAG3-specific antibody C9B7W (red spheres) are not pre-
dicted to disrupt LAG3-MHC-II interactions. To emphasize the position of these
residues at the dimer interface, they are shown on scLAG3-MHC-II structures that
were modeled as a 2:2 complex. f Model of the D4-specific scFv F7 bound to LAG3-
MHC-II. To generate the model, D1 from the human LAG3-F7 complex structure
(PDB ID:7TZG) was docked onto D1 from the scLAG3-MHC-II structure. F7 binds a
membrane-proximal site in LAG3 D4 and is not predicted to disrupt LAG3-MHC-II
interactions.

HEK293T cells that do not express MHC-II (Supplementary Fig. 6a),
which is consistent with our structural prediction. In parallel, we used
BLI to determine that 44H10 inhibits interactions of both hLAG3-Fc
and CD4" with HLA-DR4 (Figs. 4¢, d). To our knowledge, this is the
first demonstration of a dual inhibitor of MHC-Il interactions with CD4

and LAG3 and identifies 44H10 an intriguing tool for immunological
studies.

The antibodies relatlimab'®, favezelimab®, 15011°°, M8-4-6%, and
ieramilimab® antagonize LAG3 function and have each been reported
to disrupt LAG3-MHC-II binding. We mapped the epitopes of each

Nature Communications | (2024)15:7513


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-51930-5

Normalized MFI

. Predicted FGL1-binding residues

Fig. 6 | Comparison of the MHC-II- and FGL1-binding sites of LAG3. a Mutations
known to affect LAG3 binding to FGL1 (blue) were mapped onto the structure of
scLAG3-MHC-II. LAG3 is shown in gray surface representation, and a boundary sur-
rounding the putative FGL1-binding residues is shown as a dotted line. b Raji cells
were stained with fluorescently labeled LAG3 tetramers (50 nM) in the presence of
the FGLI fibrinogen-like domain fused to the C-terminus of human IgGl1 Fc (FGL1™-Fc)

<0.0001
—
<0.0001
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<0.0001 [ SA-647
Bl +Fc (10 uM)
100 3 +FGL1™ -Fc (1 uM)
B +FGL1P -Fc (2 uM)
50- Bl +FGL1FD -Fc (10 uM)
0-
Neg. Fc FGL1

or IgGl Fc. Background-subtracted median MFI was normalized to Fc control. Data
shown as normalized median MFI + SEM based on triplicate wells from one repre-
sentative experiment. The negative control shows Raji cells stained with Streptavidin
647 (SA-647) alone. Statistics were obtained using a one-way ANOVA multiple com-
parison in Prism 9 (Version 9.5.1). A representative data plot from one of two inde-
pendent experiments is shown. Source data are provided as a Source Data file.

antibody in the context of the LAG3-MHC-II structure to gain insight
into their inhibition mechanisms (Fig. 5). Surprisingly, the LAG3 pep-
tide recognized by the therapeutic antibody relatlimab®, G83-G93, is
not predicted to contact MHC-II. Docking the peptide-bound structure
of relatlimab onto its predicted position in the LAG3-MHC-Il complex
places it adjacent to both MHC-II and the plasma membrane (Fig. 5a).
Despite its non-interface epitope, relatlimab has been shown to inhibit
LAG3 binding to MHC-II" cells. This observed inhibition may occur
because flexible motion in Loop 1 introduces clashes between relatli-
mab and MHC-II or the membrane plasma membrane, either of which
could indirectly hinder LAG3 access to MHC-II.

Aligning the LAG3-favezelimab® and scLAG3-MHC-Il structures
reveals that favezelimab is incompatible with LAG3-MHC-II binding
due to clashes between the MHC-IIB2 domain and the favezelimab light
chain (Fig. 5b). Disruption of LAG3-MHC-II by the human/mouse cross-
reactive antibody, 15011, is explained by 15011 engagement of Loop 2
residues present at the LAG3-MHC-Il interface (Fig. 5c). Similarly, M8-4-
6 binds to several mouse LAG3 residues T146, R148, N151, and R152 in
the D1 B-sheet that engages MHC-II B2 (Fig. 5¢)*°. Comparison of the
MHC-II-binding interface of mLAG3 and the ieramilimab-binding
interface of hLAG3 indicates that the ieramilimab epitope overlaps
with predicted MHC-II-binding residues R57, Q128, and R129 in hLAG3
(Fig. 5d). On the other hand, the mouse-specific LAG3 antagonist
antibody, C9B7W, binds the D2-D2 dimer interface (Fig. 5e)®, and the
human-specific antagonist, F7, binds to a membrane-proximal epitope
in D4 (Fig. 5f)* such that neither antibody inhibits LAG3-MHC-II
interactions'*®,

Comparison of LAG3-MHC-II and LAG3-FGL1 binding interfaces
In addition to MHC-II, the secreted ligand FGL1 stimulates LAG3-
mediated immunosuppression, and it is currently unclear whether these
proteins bind distinct or overlapping interfaces". Although no LAG3-
FGL1 complex structure is available, LAG3 residues that influence FGL1
binding have been identified through mutagenesis studies™*. We
mapped the putative FGLI1-binding residues K27, R109, H113, V116, and
M1672" onto the structure of scLAG3-MHC-II to compare the LAG3-
MHC-II and LAG3-FGL1 binding interfaces. The FGL1-binding residues
are located along a large surface of LAG3 D1 that is adjacent to the MHC-
II binding region (Fig. 6a). To test whether FGLI inhibits LAG3-MHC-II
binding, we stained Raji cells with fluorescently labeled hLAG3 in the
presence or absence of recombinant human FGL1. We found that high
concentrations of an FGLI-Fc fusion protein strongly inhibited the
binding of fluorescently labeled hLAG3 tetramers to the cells (Fig. 6b).

These data indicate that MHC-II and FGL1 have partially overlapping
binding sites on LAG3, which is consistent with preclinical data showing
that the antibodies relatlimab and 15011 can block LAG3 interactions
with both FGL1 and MHC-II'*,

Discussion

Our structure-function study provides important insight into several
aspects of LAG3 molecular biology and raises new questions about the
role of ligand engagement in LAG3-mediated immunosuppression.
The finding that LAG3 occupies the MHC-II-CD4 binding site resolves
discrepancies about the ability of LAG3 to compete with CD4 for MHC-
Il interactions. As the LAG3 ICD was previously shown to disrupt
intracellular interactions between Lck and CD4%, our data suggest that
LAG3 also utilizes a complementary, steric competition mechanism to
disrupt extracellular CD4 signaling. Characterization of the MHC-II-
specific antibody 44H10* revealed that it blocks MHC-II interactions
with both CD4 and LAG3. Given that the LAG3 binding site on MHC-II
extends outside of the CD4-MHC-II interface, it is conceivable that
antibodies targeting precise regions of MHC-II could selectively inhibit
LAG3-MHC-Il interactions for biomedical applications. It is notable that
the LAG3-binding interface is distant from the peptide-binding groove,
as it has been claimed that LAG3 binding is dependent on peptide-
MHC-II stability'®. We speculate that stabilizing peptides prolong the
half-life of MHC-II on the cell surface to allow for a larger number of
LAG3 interactions.

LAG3 dimerization is important for multiple aspects of LAG3
function'®”, and our SEC-MALS analysis suggested that LAG3-MHC-II
form a 2:2 complex. One probable role of LAG3 dimerization is to
strengthen LAG3-MHC-II binding through avidity enhancement. How-
ever, modeling the 2:2 LAG3:MHC-Il complex predicts that LAG3
dimers may also act as wedge that perturbs TCR signaling by altering
the surface geometry of MHC-Il molecules?*’. Considering that TCRs,
MHC-II, CD4 and other coreceptors form a spatially sensitive network
of interactions®**°, it will be interesting to observe how LAG3 functions
in the more complex environment of the immune synapse.

Mapping epitopes onto the scLAG3-MHC-II structure indicates
that antibodies antagonize LAG3 through MHC-Il-dependent and
independent mechanisms, and that the LAG3 inhibitors favezelimab®,
15011°%, M8-4-6'°, and ieramilimab® engage the MHC-II-binding inter-
face of LAG3. Additionally, we found that the therapeutic antibody
relatlimab’® is likely to disrupt LAG3-MHC-1I binding indirectly, rather
than through direct steric inhibition. This antibody mapping data is
consistent with mutational studies showing that disruption of the
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LAG3-MHC-Il binding site”?, LAG3 ICD*, and the LAG3 dimer interface'®
each inhibit LAG3 activity in various contexts. This suggests that LAG3
either employs multiple immunosuppression mechanisms, or that
coordinated action between various LAG3 domains is required for
optimal function. Future studies comparing the relative importance of
functional interactions such as dimerization, MHC-ll-engagement, and
association with TCR-CD3 complexes will be important for the optimal
design of LAG3-based immunotherapies.

Methods

Protein expression and purification

For the single-chain mLAG3-MHC-II construct (ScCLAG3-MHC-II), the
LAG3P2-MHC-lla component was generated by fusing domains 1-2 of
mouse LAG3 (mLAG3, amino acids 23-254) to the N-terminus of the
ECD of the I-A® alpha chain using a (GGGGS), linker. The CLIP-MHC-II
component was generated by fusing CLIP (aa 86-100:
PVSKMRMATPLLMQA) to the N-terminus of the ECD of the I-A° 3 chain
using a thrombin-cleavable linker®. To enforce heterodimerization,
the a and P chain components of scLAG3-MHC-II were fused to 3C-
cleavable acid/base zippers from C-jun or C-fos transcription factors,
respectively*’. LAG32-MHC-lla includes a C-terminal biotin-acceptor
peptide tag (BAP-tag: GLNDIFEAQKIEW) followed by a 6xHis tag. To
purify scLAG3-MHC-II, the LAG3"2-MHC-lla and CLIP-MHC-II} con-
structs were individually cloned into the Baculovirus expression vector
pAcGp67A and insect cells (T. Ni cells, Expression Systems, 94-002 F)
were co-infected with recombinant Baculovirus from the two con-
structs (see below for purification information). The Loop 1 deletion
construct, scLAG3*"-MHC-II was designed the same way as scLAG3-
MHC-II except that it was truncated to remove residues from Q71 to
P92 of mLAG3 D1(Supplementary Table 2).

The HLA-DR4"W construct was generated by co-expressing a
fusion of a thrombin-cleavable p24 HIV Gag peptide (aa 164-183:
AFSPEVIPMFSALSEGATPQ) to in the N terminus the ECD of the HLA-
DR4 (B chain with the ECD of HLA-DR4«a". The proteins contain the
same acid/base zippers and BAP/6xHis tags as described for scLAG3-
MHC-II, except the B-chain portion of HLA-DR4"" does not contain a
6xHis-tag. The two constructs were cloned into pAcGp67A and insect
cells were coinfected with recombinant Baculovirus incorporating the
o and B chains described above to generate HLA-DR4"" proteins.

The 44H10 scFv** was generated by connecting the VH and VL
domains with a (GGGGS); linker. The scFv was then fused at its
C-terminus to the Fc domain of human IgGl followed by a 6xHis tag.
The CD4" construct contains the D1 and D2 domains of CD4 modified
with four affinity-enhancing mutations® (Q65Y, T70W, S85R and
D88SR). CD4" was cloned into pAcGp67A and contains a C-terminal
BAP/6xHis tag.

The mLAG3"™ mutant was also generated with a C-terminal Fc/
6xHis tag and was purified as described above for the 44H10 scFv-Fc
construct. The mLAG3 mutants mLAG3“'%® and mLAG3®**, as well as
mLAG3"! (residues 71-92 deleted) were cloned into the pAcGp67A
vector. Human LAG3 constructs (amino acids 63-312) were cloned into
the pAcGp67A vector containing either a C-terminal BAP/6xHis tag or a
Fc/6xHis tag. Human FGL1 (amino acids: 63-312) was fused with an
N-terminal Fc tag and a C-terminal BAP/6xHis tag. The fragment was
subcloned into the pAcGp67A vector.

The ECDs of human RNF43 (amino acids 24-197) and Nectin-2
ECD (amino acids 32-350) were cloned into the pAcGp67A vector with
a C-terminal BAP/6xHis tag.

All recombinant proteins above were expressed using Baculovirus
by infecting Trichoplusia ni cells (Expression Systems, Cat# 94-002 F)
at a density of 2x10° cells/mL followed by 48-72 h of incubation at
27 °C. For proteins subjected to N-glycan removal, Kifunensine (Tor-
onto Research Chemicals, Cat# TRC-K450000-50 MG), was added to a
final concentration of 5uM at the time of infection. The proteins were
retrieved from culture supernatant by nickel affinity purification using

nickel Nickel-NTA resin (Qiagen, Cat# 30250). Size-exclusion chro-
matography (SEC) was performed on a Superdex 200 Increase 10/300
GL column by FPLC (Akta Pure, GE Healthcare).

All LAG3 proteins and the CD4 protein were purified in PBS buffer,
pH 7.2. The scLAG3-MHC-II protein complex was stored in HBS200
buffer (20 mM HEPES and 200 mM NaCl, pH 7.2). The HLA-DR4"" and
the 44H10 scFv proteins were stored in HBS buffer (20 mM HEPES and
150 mM NaCl, pH 7.2). The FGLI™-Fc protein was stored in HBS buffer
supplemented with 1mM CaCl,. Biotin labeled proteins were site-
specifically biotinylated at the BAP-tag by using BirA ligase kit (Avidity,
LLC, Cat# BIRA-500) followed by SEC purification to remove excess
biotin reagent. RNF43, Nectin-2, and Endoglycosidase F1 were stored in
HBS buffer.

Streptomyces avidinii Streptavidin (SA, aa37-157) was cloned into
pET21a (Novagen, Cat# 69740) with the following modification: a
C-terminal GGSG linker followed by a Cysteine for Maleimide labeling,
a Proline, and a stop codon. The construct was transformed into BL21-
CodonPlus (DE3)-RIL cells (Agilent, Cat# 230245) and induced with
1mM IPTG (RPI, Cat# 156000-25.0) once cultures reached an optical
density at 600 nm (OD600) of 0.6 to 0.8. Cells were pelleted following
4 h of induction at 37 °C, and inclusion bodies were purified from cell
lysates*. Cells were resuspended in lysis buffer (50 mM Tris-HCI pH
8.0, 1mM EDTA pH 8.0, 0.01 % sodium azide, 1mM DTT, 200 mM
sodium chloride, 1.0% sodium deoxycholate, and 1.0% Triton X-100)
and then the insoluble fraction was pelleted by centrifugation. The
pellet was washed twice with 50 mM Tris-HCI pH 8.0, 1mM EDTA pH
8.0, 0.01 % sodium azide, 1 mM DTT, 100 mM sodium chloride, and 0.5
% Triton X-100, and then once with the same buffer without Triton
X-100 to isolate purified inclusion bodies. Inclusion bodies were dis-
solved in 8 M Guanidine Hydrochloride (pH 1.5) with 500 uM TCEP and
refolded by rapid dilution into PBS containing 0.2mM PMSF and
0.500 mM TCEP. The refolded SA protein was then labeled with Alexa
Fluor 647 through maleimide coupling with the Sulfo-C2-Maleimide kit
(Invitrogen, Cat# A20347) using manufacturer’s instructions to gen-
erate SA-647, and excess dye was removed by SEC purification.

Flow cytometry with mammalian cells

MHC-II positive human APC Raji cells (Promega, Cat# JAllll) and
HEK293T cells (a gift from Dr. Eric Lau, original commercial source
ATCC, Cat# CRL-3216) were cultured at 37°C, with a humidified
atmosphere of 5% CO,. Cells were cultured in growth media consisting
of DMEM with high glucose, sodium pyruvate and L-glutamine (Gibco,
Cat# 11995065), supplemented with 10% FBS (Peak serum, Cat# PS-
FB1), 0.1% Penicillin-Streptomycin (Gibco, Cat# 15-140-122). For MHC-
1I-LAG3 blocking assays, 5 x 10* Raji APC cells were incubated with 50 ul
growth media with 1uM of 44H10 scFv targeting MHC-II in 96-well (V-
well, Cat# Corning 3894) plates. Separately, biotinylated LAG3 protein
was incubated with streptavidin 647 (SA-647) (produced in-house and
described in protein purification) at a molar ratio of 4.5:1 of protein to
streptavidin to form protein-streptavidin tetramers. After a 15 min cell
incubation, 20 nM of LAG3-tetramers (80 nM effective protein con-
centration) were incubated with cells that contained 44H10 scFv, or
growth media only, on a plate shaker at 500 rpm for 1h at 4 °C. Cells
were then washed three times with DPBS (Corning, Cat# 21-031-CV).
After washes, the cells were resuspended in DPBS and analyzed with an
Accuri C6 (BD, Bioscience) flow cytometer. The FGLI-LAG3 competi-
tion assay to Raji MHC-II cells were performed in the same way as the
scFv blocking but with a 30 min cell incubation of FGL1™-Fc of varying
concentrations (1-10 uM) before incubation of 50 nM LAG3-tetramers
to 1x10° cells per replicate well. Comparison of unspecific binding of
biotinylated LAG3-tetramers to MHC-II-negative HEK293T cells,
including 44H10, was performed as described above, but utilizing a
50 nM concentration of LAG3-tetramers. For MHC-II-scFv (44H10)
binding to Raji MHC-II cells, an anti-Fc 647 antibody (Southern Biotech,
Cat# 2048-31) (Supplementary Table 4) was utilized by pre-incubating
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44H10-Fc with anti-Fc 647 (1:50 final concentration) on rotation for
30 min in +4 °C. The pre-mixed scFv-Fc-647 was then mixed at 100 nM
with 5 x 10* Raji APC cells per well in 50 ul growth media in a 96-well (V-
well, Cat# birCorning 3894) plate shaking at 500 rpm for 1h in +4 °C.
Cells resuspended in DPBS were analyzed after 3 washes in DPBS
(Corning, Cat# 21-031-CV) using an Accuri C6 (BD Bioscience) flow
cytometer. For CD4-LAG3 blocking assays, 5 x 10* Raji APC cells were
incubated with or without 1 uM CD4" protein. Separately, biotinylated
LAG3 protein was incubated with streptavidin 647 (SA-647) at a ratio of
4.5:1 of protein to streptavidin to form protein-streptavidin tetramers.
After a 15 min incubation, 20 nM of LAG3-tetramer was incubated with
cells that contained CD4"* protein or growth media for 1h at 4 °C at
500 rpm. Cells resuspended in DPBS were analyzed after 3 washes in
DPBS (Corning, Cat# 21-031-CV). Cells were analyzed with an Accuri C6
(BD Bioscience) flow cytometer. All flow data was analyzed using
FlowJo (version 10.6.1).

SPR binding studies

Surface plasmon resonance experiments were performed on a BlAcore
T100 instrument (GE Healthcare). For analyzing the binding of mLAG3-
Fc and mLAG3™-Fc to I-A°, approximately 400 resonance units (RU)
of biotinylated I-A° protein was immobilized on a streptavidin-coated
sensor chip (Cytiva, Cat# BR100531) and increasing concentrations of
mLAG3-Fc protein in HBS-BSA-P buffer (25 mM HEPES, 200 mM Nacl,
0.1% BSA and 0.005% surfactant P20) was injected over the chip. The
chip was regenerated after each injection with 30-second washes of
regeneration buffer (10% ethylene glycol, 500 nM NacCl). The binding
responses were reference-subtracted from a flow cell containing a
similar immobilization level of a non-related negative control protein
(mouse RNF43, described in protein purification section above). For
analyzing the binding of mLAG3 or mLAG3¥%* or mLAG3®*R or
mLAG3®%* or mLAG3*"to I-A® and mLAG3 binding to I-APES/9A)
approximately 400 RU of biotinylated I-A° protein or [-APE9819%%
mutant was immobilized on a SA chip. mLAG3 or mLAG3 mutants were
injected at gradient concentrations. The signal for each flow cell was
reference-subtracted from a flow cell containing a similar immobiliza-
tion level of control protein (human Nectin-2, in-house prepared,
described in the protein purification). The maximum response (RU
max) for each experiment was plotted as a function of concentration
using Prism 9 (GraphPad, Version 9.5.1). Steady-state binding para-
meters were determined based on a 1:1 Langmuir model using the
BlAcore T100 evaluation software.

Biolayer interferometry (BLI) based competition assays

BLI assay was performed using the Gator™ Label-Free Bioanalysis
instrument (Gator Bio, Palo Alto, CA, USA) and Gator One 2.7 (software
version 2.15.5.1221). HBS buffer consisting of 0.1% BSA, 0.005% P20,
was used in the BLI experiments shown in Fig. 4c, d. PBS buffer with
similar supplements was used in the BLI experiments shown in Fig. 3d.
Streptavidin (SA) sensor probes (Gator Bio, USA, Cat# #160002) were
used for the sample measurements. The BLI-based competition of
hLAG3-Fc protein and CD4" for binding to DR4"", the CD4"*-coated
probes were incubated with 2.5uM HLA-DR4"V in the absence and
presence of either 5uM hLAG3-Fc or 5uM Fc control, with hLAG3-Fc,
Fc and buffer as reference wells. The BLI-based competition assay
using 44H10 scFv and LAG3 or CD4" for binding to MHC-II was per-
formed by loading SA probes with biotinylated hLAG3 ECD or CD4"A,
The binding shift (nm) was then detected by incubating the probes
with a fixed concentration of HLA-DR4"" (5uM) in the presence or
absence of 44H10 scFv (2.5 uM), with 44H10 scFv and buffer alone as
references.

Multi-angle light scattering (MALS)
For SEC-MALS analysis, 10 L of scLAG3-MHC-II (2 mg/mL) was sub-
jected to size-exclusion chromatography using a Superdex 200

Increase 5/150 GL column followed by UV, multi-angle light scattering,
and refractive index detection using a Wyatt Technologies MALS
configuration (Wyatt Technologies, Santa Barbara, CA). Data analysis
was performed using Astra software package (version 7.3) (Wyatt
Technology Corporation, Santa Barbara, CA). Prior to the MALS
experiment, the construct was pre-treated with Endoglycosidase F1 (in-
house prepared, described in the protein purification), 3 C protease
(1:200 (w/w), GenScript, Cat# Z03092), and carboxypeptidase A (1:100
(w/w), Sigma, Cat# C9268-500UN) to remove N-linked glycans, acid/
base zippers, and C-terminal His tags, respectively.

Proteolytic processing, deglycosylation, and reductive methy-
lation of proteins

Kifunensine-sensitized scLAG3-MHC-II or scLAG3*"'-MHC-II complexes
were individually purified as described above and then treated over-
night at 4 °C with 3 C protease (1:200 (w/w), GenScript, Cat# Z03092),
Endoglycosidase F1 (1:200, w/w), bovine carboxypeptidase A (1:100 (w/
w)) to remove C-terminal tags, N-linked glycans and disordered resi-
dues at the C-terminus of the proteins. Both proteins were further
subjected to reductive methylation using borane-dimethylamine
(Thermo Scientific Chemicals, Cat# 177310250) and paraformalde-
hyde (Thermo Scientific Chemicals, Cat# 043368.9 M) at 4 °C degree
for overnight. The reactions were quenched at 200 nM Tris, pH 8.0
followed by buffer exchange to HBS200 buffer prior to sparse matrix
crystallization screening.

Crystallization scLAG3-MHC-II or scLAG3*"-MHC-II complexes
Purified scLAG3-MHC-II or scLAG3*"-MHC-Il complexes were con-
centrated to 18 mg/mL and 16 mg/ml, respectively. All protein crystals
were grown by sitting drop vapor diffusion. Drops containing 0.1 pL of
protein were combined with 0.1pL of mother liquor. Crystals were
observed from the PEG/ION screen (Hampton research, Cat# HR2-139)
and ProPlex screen (Molecular Dimensions, Cat# MD1-42. Crystals of
scLAG3-MHC-II were obtained from mother liquor containing 0.15M
Ammonium sulfate, 0.1M Tris 8.0 and 15 % w/v PEG 4000. Crystals of
scLAG3*"-MHC-II were obtained from mother liquor containing 1% w/v
Tryptone, 0.001 M Sodium azide, 0.05 M HEPES sodium pH 7.0, 12% w/v
Polyethylene glycol 3350 and 3% w/v Dextran sulfate sodium salt
(Hampto research, Cat# HR2-138).

The crystals were cryoprotected in mother liquor containing 25%
ethylene glycol prior to plunge-freezing in liquid nitrogen. The dif-
fraction data for scLAG3-MHC-Il was collected at Stanford Synchrotron
Radiation Lightsource (SSRL), beam line 12-1. The diffraction data for
ScLAG3*"-MHC-II was collected at National Synchrotron Light Source-
II, beamline 19-ID (NYX). Datasets were indexed, integrated, scaled and
merged with the XDS package***°.

Structure determination and analysis

The structures were solved using molecular replacement (MR) in
Phaser*’ using the structures of mouse LAG3 D1-D2 (PDB ID: 7TZE)"*
and I-Ab® (PDB ID: IMU]J) as models. The models were first subjected
to rigid body refinement using the Phenix.refine program***°, fol-
lowed by iterative rounds of building in and several rounds of posi-
tional and B-factor refinement. Model building and structure
refinement were performed in Coot*® and Phenix***’, respectively.
Buried surface areas calculations, and interface residues identifica-
tion, were performed using PDBe-PISA web server’ followed by
manual inspection. Figures were generated in Pymol software
(Schrodinger)®. The model of LAG3 with full loop structure were
obtained from ColabFold*.

Structural modeling

The model of LAG3 D1 containing the P111A mutation was generated
using the Alphafold 3 web server®. To model the 2:2 LAG3:MHC-II
complex, two copies scLAG3-MHC-II were aligned to the D2-D2 dimer
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in the structure of the full-length LAG3 mouse ECD (PDB 8DGG)*. The
D3-D4 domains were modeled based on their position in the full-length
structure. The relatlimab-LAG3-MHC-II model was generated itera-
tively. First, Alphafold modeling was used to generate a model of LAG3
D1 containing Loop 1, as this region is disordered in published struc-
tures of LAG3**, The Loop 1-containing D1 model was then super-
imposed onto the D1 domain from the structure of human LAG3 (PDB
7TZG)", and the modeled Loop 1 residues were engrafted onto the
structure. The epitope-bound structure of relatlimab'® was then
docked onto the corresponding residues (G83-G93) in the modeled
Loop 1 region. Lastly, the relatlimab-LAG3 complex was aligned to
scLAG3-MHC-II to predict the relative positions of relatlimab, LAG3,
and MHC-IL.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon request. X-ray crystallography data for
the structures of scLAG3-MHC-II and scLAG3*"-MHC-II have been
deposited to the Protein Data Bank under the accession codes 9CYM
and 9CYL, respectively. All data are included in the Supplementary
Information or available from the authors, as are unique reagents used
in this Article. The raw numbers for charts and graphs are available in
the Source Data file whenever possible. Source data are provided with
this paper.
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