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Canonical T cell Receptor Docking on peptide-MHC is essential for T cell signaling
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Abstract

T cell receptor (TCR) recognition of peptide—major histocompatibility complexes (pMHCs) is
characterized by a highly conserved docking polarity. Whether this polarity is driven by
recognition or signaling constraints remains unclear. Using “reversed docking” TRBV17*
TCRs from the naive mouse CD8 T cell repertoire that recognize the H-2D°-NP346 epitope,
we demonstrate that their inability to support T cell activation and in vivo recruitment is a
direct consequence of reversed docking polarity and not TCR—pMHCI binding or clustering
characteristics. Canonical TCR—pMHCI docking optimally localizes CD8/Lck to the CD3
complex, which is prevented by reversed TCR—pMHCI polarity. The requirement for canonical
docking was circumvented by dissociating Lck from CDS8. Thus, the consensus TCR—-pMHC

docking topology is mandated by T cell signaling constraints.

One-Sentence Summary: The highly conserved nature of T cell antigen receptor recognition

is essential for colocalization of key signaling molecules
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T cell-mediated immunity to pathogens and cancers requires activation of T cells through of
T cell antigen receptor (TCR) recognition of antigenic peptides presented by MHC class 1
(MHCI) or class II (MHCII) molecules. The extreme diversity inherent in both the TCR
repertoire and the array of pMHC ligands is reflected in the substantial variation at the TCR—
pMHC interface (/). Despite this variation, nearly all of the TCR—-pMHC ternary complexes
solved to date exhibit a highly consistent docking polarity, with the TCRa chain sitting over
the MHCI 02 or MHCII B1 helix, and TCRf docking over the MHCI and MHCII a1 helix (7).
Evidence suggests that the conserved TCR—-pMHC docking polarity is “hard wired” by
evolutionarily conserved amino acid motifs in the germline encoded regions of TCRs and MHC
molecules (2—5). An alternate model suggests that TCR recognition of pMHC is driven during
thymic selection by the need for the CD4 or CDS8 coreceptors to bind MHC and deliver
coreceptor-associated Lck to the CD3 signaling complex (5). Because of the proposed
positioning of CD3 in the TCR—pMHC-CD4/CD8 complex, this model posits that only
canonical polarity TCR—pMHC interactions are conducive to signaling (6—8). The biological
significance of the canonical docking polarity remains unclear and has not been tested
experimentally owing to the rarity of TCR—pMHC docking polarities outside of this paradigm
(1, 9—11). We recently identified CD8" T cells expressing “reversed” TCRs that bind their
cognate pMHCI in a 180° reversed orientation, signaled poorly, and drove a weak antiviral
immune response (/2). Here, we investigated the key drivers of the canonical TCR—-pMHC

docking polarity and its role in T cell recognition and activation.
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Results

Unconventional TRBV17* TCRs are prevalent in the naive H-2D’-NP3s-specific
repertoire but do not contribute to the immune response

We have previously described two naive TRBV17" TCRs (NP1-B17, hereafter referred to as
B17.R1, and NP2-B17) that recognize the H-2D*-NP36 epitope in a 180° reversed orientation
(12). To determine whether reversed TCR docking was a general feature of TRBV 17" H-2Db—
NP3e6-specific TCRs, we generated H-2DP-NP3q¢ tetramers containing single amino acid
substitutions at H-2D® Glu18 and/or Ala89—residues that are uniquely important for binding
the reversed B17.R1 TCRa chain (7, 12). Ala89Glu substitution (H-2D°-NP366*%F) completely
abrogated tetramer binding to B17.R1 at high TCR expression levels without affecting B13.C1
TCR binding (Fig. 1, A and B). The loss of B17.R1 TCR binding was verified by surface
plasmon resonance (SPR) analysis (Fig. 1C and Table 1).

We next used comparative staining with the H-2D*NP3sV" and H-2DP-NP366*%F tetramers
to determine the proportion of the naive H-2DP-NPs¢6-specific CD8" T cell population that was
impacted by this mutation, suggestive of a reversed TCR—pMHCI docking polarity (Fig. 1, D
and E). Although a similar number of TRBV 13" cells were detected using either tetramer (Fig.
1F), the mutant A89E tetramer detected only ~48% of TRBV17" cells detected by the WT
tetramer (Fig. 1G). In contrast, these two tetramers showed equivalent stainin of both
TRBV13" and TRBVI17" T cells in mice infected with influenza A virus (IAV) (Fig. 1, H to
K). Thus, although TRBV17" TCRs that bind H-2D>-NPss in a reversed orientation are
prevalent in the naive repertoire, they are not recruited into the immune response after [AV
infection.

Recruitment into the immune response is associated with TCR—pMHCI docking topology

independently of TCR—-pMHCI affinity
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To gain a further understanding of TCR—intrinsic determinants of recruitment, we analyzed
TRBV17" H-2DP-NPs¢6-specific TCRof3 sequences from uninfected (/3) and infected B6
mice. The naive TRBV 17" TCRop repertoire was diverse, comprising a range of TRAV genes
with distinct CDR3a and CDR3p sequences (Fig. 2A) (/3). By contrast, each immune
repertoire was characterized by the dominance of only one or two clones (Fig. 2B). Thus, the
low prevalence of TRBV 17" TCRs in the H-2D*-NP3¢6-specific immune repertoire (/3) is due
to an inability of most of these clones to respond to IAV.

To demonstrate that the key criteria for immune recruitment from the TRBV17 subset was a
canonical docking polarity, we selected three TRBV 17" TCRs from the immune repertoire for
further structural and biophysical analyses. These TCRs were taken from expanded clones
(mouse 1: B17.C1; mouse 3: B17.C2) and from the single TRAV 14" clone from mouse 3
(B17.R2) (Fig. 2B). Importantly, although the B17.R2 TCR was identified from an infected
mouse, the sensitive detection method and apparent lack of clonal expansion means it was
likely derived from a naive T cell. We performed tetramer staining of 293T cells expressing
these TCRs, along with a TRBV 13" TCR (B13.C1) known to drive robust immune recruitment
(12, 13). Those TCRs that were well represented in the immune response, including B13.C1
(Fig. 2C), B17.C1 (Fig. 2D), and B17.C2 (Fig. 2F), all showed equivalent binding by the H-
2DP-NP3¢6"T and H-2DP-NP3e6*%F tetramers. By contrast, the poorly represented or
unrecruited B17.R2 TCR showed significantly reduced binding of the H-2DP-NP3¢"3%F
tetramer (Fig. 2E), and a 10-fold reduced affinity, suggesting a reversed TCR—pMHCI
docking.

To determine the role of TCR—pMHCI affinity in driving immune recruitment of TRBV17*
cells, we determined TCR affinity by SPR (Table 1). The canonical immune B17.C1 TCR had
an extremely weak affinity for H-2D>-NPss (Kp>200 uM) (Fig. 2D). By contrast, the minor

or naive B17.R2 TCR had a substantially higher affinity (Kp=6.34 uM) and tetramer binding
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(Fig. 2E), similar to that of the immunodominant B13.C1 TCR (Kp=4.13 uM) ( Fig. 2C). Thus,
the prevalence of T cells in the immune response is primarily associated with canonical TCR—
pMHC docking polarity, independent of TCR—pMHC affinity.

Structural determination of TCR-H-2DP-NP34 docking topologies

We next determined the crystal structures of B17.R2 and B17.C1 TCRs in complex with H-
2D"-NPs¢6 (Fig. 3, tables S1 to S4). As suggested from tetramer binding (Fig. 2), the B17.R2
TCR adopted a reversed docking polarity over H-2D°-NP366, forming a docking angle of 238°
and binding in a similar manner to the previously determined B17.R1-H-2D*-NP365 and NP2-
B17-H-2DP-NP366 complexes (Fig. 3, A and B, and table S4) (12). By contrast, the B17.C1
TCR adopted a canonical docking polarity (Fig. 3, C and D, and table S4). In the B17.R2
TCR-H-2D*-NPs¢6 complex, the TCRa chain played a lesser role (26.4% of BSA) in the
interaction with only the CDR3a loop contributing to binding (Fig. 3B and table S4). By
contrast, the TCRf chain contributed to 73.6% of the BSA, encompassing the framework
region of the B-chain (FWp) region (39.2% BSA), the CDR2P loop (27.3% BSA), and the
CDR3p loop (7.1 % BSA) (Fig. 3B and table S4). Similarly, the B17.C1 TCR-H-2D"-NP3¢
complex exhibited an unusually high contribution of the TCRp chain (75% of BSA) with the
interactions dominated by the CDR3f loop (37.8% of BSA) and the CDR2p loop (23.2% of
BSA) (Fig. 3D and table S4). Moreover, this complex structure presents an unusually low
number of contacts between the TCR and the MHCI (table S2), as well as a poor shape
complementarity (table S4) and was consistent with the low affinity of this interaction (Table
1 and table S2).

CDS8" T cell recruitment does not correspond to 2D TCR-pMHCI affinities nor bond
duration under force

To test the possibility that T cell recruitment correlated with 2D TCR-H-2D"-NPs¢s affinities,

we measured the relative 2D affinity of B13.C1, B17.R1, B17.R2, and B17.C1 TCRs for H-
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2DP-NPs¢6 using the 2D micropipette adhesion frequency assay (2D-MP) (14—18). Although
the reversed B17.R2 TCR had the second highest 2D affinity after the B13.C1 TCR (fig. S1A),
it was not conducive to robust immune recruitment (Fig. 2B). By contrast, the canonical
docking B17.C1 TCR with a lower 2D affinity (fig. SIA) was expanded in the immune
repertoire (Fig. 2B). Thus, the recruitment of the H-2D"NPj3e¢-specific TRBV17" T cells
occurs independently of TCR—pMHCT affinity.

We next measured the TCR-H-2DP-NP346 bond lifetime under conditions of force (14—17).
CD8" TCR transductants were stimulated with peptide bound to H-2D*YT or to mutant H-
2DPP227K t0 assess the contribution of coreceptor binding to bond strength (/9). Both of the
canonical docking TCRs—the high-affinity B13.C1 TCR and low-affinity B17.C1 TCR—were
able to form catch bonds, peaking at around 10 pN (fig. S1, B and C). CD8 binding contributed
significantly to bond lifetime only for the low-affinity B17.C1 TCR (fig. S1, B and C). By
contrast, reversed polarity TCRs (B17.R1 and B17.R2) showed the formation of slip bonds
with pMHCI, with a loss of bond lifetime with increasing force (fig. S1, D and E). Intriguingly,
however, at least for the high-affinity B17.R2 TCR, the bond lifetime generated at ~10 pN—
an approximation of the physiological force on a TCR (20-22)—was similar to that observed
at the peak of the catch bond formation (fig. S1F). Thus, although the reversed TCR-H-2D"-
NPse66 interaction is characterized by slip-bond formation, it exhibits relatively high bond
lifetimes at the physiological force of 10 pN.

Only canonical docking TCRs can support immune recruitment, irrespective of TCR-H-
2DP-NP3q6 affinity

To confirm our earlier observations (Fig. 1, D to K) that T cell recruitment into the immune
response was primarily dependent on a canonical TCR—-pMHCI docking polarity independent
of TCR—pMHCI binding strength, we selected B17.R1, which binds with low-to-moderate

affinity, and the B17.R2 TCR, which binds with high-affinity similar to that of the
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immunodominant B13.C1 TCR, for further investigation. We then generated retrogenic mice
expressing the canonical polarity B13.C1 or B17.C2 TCRs, and the reversed polarity B17.R1
or B17.R2 TCRs (23). We were unsuccessful in expressing the B17.C1 TCR in vivo despite
validating construct fidelity and instead generated TCR retrogenic mice expressing the B17.C2
TCR, which exhibited similar properties. Namely, it expressed TRBV17, had a moderate to
low avidity for H-2D"~NP366, bound H-2D°-NPs66 independently of Ala89 (and thus likely
docked in a canonical orientation) (Fig. 2F), and was expanded in the immune repertoire
(Table 1). Consistent with our previously published data (/2), adoptive transfer of retrogenic
B13.C1"and B17.R17 T cells, either alone or in combination, followed by IAV challenge (Fig.
4A), resulted in the effective recruitment and expansion of canonical B13.C1" T cells but not
reversed B17.R1" T cells (Fig. 4, B to N, and fig. S2A). Failure to recruit BI7.R1" T cells was
not due to GFP expression since the same experiment performed with GFP™ B13.C1" T cells
showed similar recruitment profiles as those coexpressing mCherry (fig. S2, B to E).

To distinguish the impact of TCR—pMHCI affinity and docking polarity on recruitment, we
adoptively transferred T cells expressing the high-affinity reversed B17.R2 TCR, either alone
or with B13.C17 T cells prior to IAV challenge. The B17.R2 T cells were not detectable in the
immune response after either single (Fig. 4, C to E) or cotransfers (Fig. 4, B, I to K). Finally,
we adoptively transferred the low-to-moderate-avidity, canonical B17.C2" T cells and the high-
affinity, reversed B17.R2" T cells into B6 mice, which were then challenged with TAV.
Retrogenic B17.C2* T cells were readily recovered from bronchoalveolar lavage (BAL) (Fig.
4, B, C and L), spleen (Fig. 4, D and M), and mLN (Fig. 4, E and N). By contrast, the B17.R2
TCR did not support detectable immune expansion into any tissue (Fig. 4, L to N). Thus, TCR—
pMHCI docking topology supersedes TCR—pMHCI affinity as the primary determinant for
effective in vivo immune recruitment.

Reversed polarity TCRs do not prevent TCR clustering
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To determine whether the reversed TCR—pMHCI docking prevents the formation of signaling
competent multimers (/0), SKC T cell hybridoma cells (TCRa"CD4 CD8") (24) expressing
either the B13.C1 or B17.R2 TCRs were placed on a supported lipid bilayer (SLB) containing
ICAM-1 (unstimulated) or ICAM-1 and H-2DP-NP3s (stimulated) (Fig. 5, A and B) for
analysis of TCR clustering by dSTORM (Fig. 5A). For both unstimulated and stimulated T
cells, TCRs exhibited a non-random clustered spatial distribution on the cell membrane, as
indicated by a significantly larger L(r)-r value relative to complete spatial randomness (Fig.
5B). The peak of molecular TCR clustering (Max L(»)-r), was higher following stimulation
(ICAM+pMHCI) compared to unstimulated T cells (ICAM), indicative of antigen-driven TCR
clustering (Fig. 5, B and C). This antigen driven TCR clustering was similar for both the
canonical (B13.C1) and reversed (B17.R2) docking TCRs. Thus, reversed TCR—pMHCI
docking does not impede the formation of multimeric TCR—CD3 structures.

Reversed TCR recognition of H-2DP-NP36s impedes the localization of CD3 and CDS8
Assuming that a similar arch-like structure is formed following pMHCI recognition by the
TCR/CD3 and CD8 as has been observed for TCR—pMHCII-CD4 (25), the canonical TCR—
pMHC docking polarity may be essential for coreceptor—associated Lck to be situated
proximally to CD3 for the initiation of signal transduction (25). Using our current structural
understanding of the interactions between TCR—pMHCI (7), MHCI and CD8 (26) and TCRaf
and the CD3 chains (27, 28), we modeled the quaternary TCR-pMHC-CD8-CD3 structure for
canonical-polarity B17.C1 TCR-H-2D"-NPs¢s (Fig. 5D) and reversed-docking B17.R1 TCR—
H-2DP-NPs¢6 interactions (Fig. SE). The 180° reversal of the B17.R1 TCR over the H-2D"—
NP366 dramatically altered the position of CDS relative to CD3.

To experimentally determine whether reversed TCR-pMHCI docking impacted the
localization of CD8-associated Lck to the CD3 complex, we used FLIM-FRET microscopy to

determine close (<10 nm) molecular association between CD8B—mCherry and CD3(-GFP

10
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fusion proteins in live TCR" hybridoma cells after epitope-specific stimulation (29-32) as this
was not readily feasible in primary T cells. We used the FLIM-FRET approach over
conventional super-resolution microscopy (20-30-nm resolution) to allow us to resolve
protein—protein interactions (<10 nm). Expression of the FRET pair constructs (fig. S3A) did
not negatively affect TCR signaling since pERK could be detected after stimulation of the
B13.C1 TCR* S5KCCP3¢GFP.CD8apmCherry cells  similar to B13.C1 TCR* SKC T cells expressing
WT CD8af} and CD3( (Fig. 6F and fig. S3, B to D). Stimulation of B13.C1 TCR" cells resulted
in FRET, as measured by a substantial reduction in the amplitude weighted lifetime of the
donor (GFP) at the synapse (fig. S3E and S3F), indicating colocalization of the CD8mCherry
and CD3(°? molecules (Fig. 5, F and G). We also observed FRET after stimulation of cells
expressing the canonical B17.C1 and B17.C2 TCRs (Fig. 5, F and G). However, stimulation
of cells expressing the reversed B17.R1 and B17.R2 TCRs resulted in negligible FRET (Fig.
5, F and G). Thus, a reversed TCR—-pMHCI docking topology results in improper localization
of CD8B™Chery and CD3(C? in a manner that is independent of the strength of TCR-pMHCI
binding.

The CDS8 coreceptor inhibits TCR signaling by reversed-polarity TCRs

We hypothesized that when TCR—pMHCI polarity is reversed, the association of Lck with CD8
prevents, rather than promotes, effective Lck localization to CD3. To test this, SKC T cells
were transduced with either the high-affinity canonical B13.C1 TCR or the high-affinity
reversed B17.R2 TCR (Fig. 6, A to C) as neither of these TCRs are dependent on CDS8 for
binding to H-2D"-NP3e¢ (fig. S1, B, E and F). Each TCR was expressed (1) with WT CD8of3
(CD8WYT) (Fig. 6A); (2) in the absence of CD8 (CD8NVLL) (Fig. 6B); or (3) with mutant CD8af3
containing C227A and C229A substitutions in the cytoplasmic tail of CD8a to abrogate Lck

binding (CD8%XC) (33) (Fig. 6, C to E). All cell lines showed a similar sensitivity to PMA—

11
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ionomycin stimulation or antibody-mediated polyclonal stimulation, as measured by pERK or
IL-2 production (fig. S4).

The CD8WVT B13.C1 TCR" transductants mediated robust signaling throughout the time-course,
inducing a significantly higher pERK signal magnitude and IL-2 secretion compared to B17.R2
(Fig. 6F). For B13.C1 pERK was induced as early as 10 min and maintained for 60 min after
stimulation, and substantial IL-2 production at 16 hours (Fig. 6F). By contrast, the high-affinity
reversed B17.R2 TCR showed negligible signal transduction when coexpressed with CD8WT,
as evidenced by minimal pERK and no detectable IL-2 (Fig. 6F). Intriguingly, while the loss
of CD8 (CD8NVLL) severely attenuated the signal transduction capacity of the B13.C1 TCR,
detectable, low-level pERK and IL-2 secretion was evident following stimulation of B17.R2
TCR cells (Fig. 6G) and was statistically indistinguishable from B13.C1. To distinguish the
contribution of CD8 to MHCI binding versus Lck delivery, we stimulated cells expressing the
mutant CD8%C, Again, both the B13.C1 TCR* and B17.R2 TCR" cells transduced a signal of
similar kinetics and magnitude, with increased pERK than was observed in the absence of CD8
(Fig. 6H). This signaling again corresponded to detectable and equivalent levels of IL-2
production. Similar findings were made upon analysis of 5K CSGFP-CD8pmeherry T ¢e]]s (fig S3B-
D) and independently generated B13.C1, B17.R1 and B17.R2 TCR" cells (fig. S5A). These
findings were also in agreement with TCR} downregulation analysis after stimulation (fig.
S5B).

Thus, signaling mediated by canonical TCR—-pMHCI docking is augmented slightly by CD8
binding and substantially by CDS8 delivery of Lck. However, reversed polarity TCR—pMHCI
recognition prevents signaling due to CD8 sequestration and mislocalization of Lck. We
present evidence that the highly conserved TCR—pMHCI docking polarity is mandated not by
binding requirements, but instead by the need to colocalize key signaling molecules to enable

signal transduction.

12
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Discussion

Although a topic of much speculation, there has been no definitive demonstration of whether
the canonical TCR—pMHC docking polarity potentiates effective TCR binding or signaling,
nor the mechanism by which it does so. Although evolutionarily conserved pairwise
interactions between TCR and MHC molecules can predispose TCRs to MHC recognition in a
canonical orientation (5), our data revealed that the inability of reversed TCR—pMHC
recognition to support T cell activation was unrelated to binding affinity. Instead, these findings
support a paradigm in which the polarity of TCR recognition of pMHCI is a primary
determinant of T cell signaling, via the colocalization of molecules critical for TCR signal
transduction.

Our data aligns with current knowledge of the structural organization of TCR signaling
molecules. The complete ternary structure of a TCR—-pMHCII-CD4 complex (25) revealed the
formation of a 70-A wide “arch” between the TCR and the CD4 coreceptor, within which the
asymmetrically arranged CD3 signaling complex (28) is positioned. It was postulated that
extreme docking polarities (such as a reversed polarity) would place the bulk of the CD3
complex outside of the arch, impeding optimal Lck delivery (25) and T cell signaling.

Our current work provides clear support for this model by demonstrating that the inability of
reversed TCRs to signal (1) occurs independently of binding strength; (2) is dependent on CD8
binding of Lck; and (3) is characterized by an inability to colocalize CD8 and CD3 after antigen
stimulation. Moreover, our demonstration of robust TCR—CD3 cluster formation suggest that
unusual docking topologies do not preclude signaling by inhibiting TCR multimerization (10,
34), in line with previous work showing that dense TCR—CD3 cluster formation can occur
independently of signaling, and better reflects TCR binding (35). Our observation that the

reversed TCR—pMHCI interaction formed slip bonds and yet remains inherently capable of
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signal transduction, supports the notion that catch bonds are not essential (although likely still
optimal) for signaling.

The observation that CD8 was an impediment to signaling by reversed TCR—-pMHCI
recognition, via binding of Lck, demonstrated that this polarity resulted in a mislocalization of
coreceptor-associated Lck and CD3 following pMHCI ligation. Previous studies have shown
that preventing coreceptor sequestration of Lck in vivo either by deletion of coreceptors (36)
or mutation of coreceptor binding sites on Lck (37), facilitates TCR signaling following
recognition of non-MHC ligands. Thus, the association of Lck with the CD8 coreceptor, in
addition to dictating the MHC ligand (), also dictates the manner in which the MHC ligand
must be recognized.

Other deviations from the typical TCR-pMHC docking angle exist. Most notably, two
identified human induced regulatory T cell (iTreg) TCRs were found to dock on pMHCII in a
reversed orientation (9). Although broadly maintaining the canonical docking polarity, extreme
docking angles over the pMHC have been observed in autoreactive human CD4" T cells (38,
39), and in a non-signaling mouse H-2L%restricted TCR (10). The current study provides a
potential mechanism by which such unconventional pMHC docking polarities may diminish
TCR signaling to prevent negative selection or abrogate TCR-mediated signaling. Such
exceptions to the canonical TCR—pMHC docking “rule” should be explored to further advance
our understanding of T cell signaling requirements.

Although Lck association with coreceptors can have a dramatic effect on TCR signaling, some
intracellular Lck untethered to coreceptors is present, highly active (40, 41), and able to support
in vivo signaling (30, 36, 37). Why then, does “free” Lck not allow for signaling by reversed
TCRs? Critically, Lck can be found associated with the TCR—CD3 complex in mice lacking
CD4 and CDS8 coreceptors but not in mice expressing coreceptors (36). We propose that when

coreceptors are expressed, Lck is preferentially sequestered away from the TCR—CD3 complex
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to impair TCR signaling in the absence of MHC ligands. In the presence of MHC ligands, the
coreceptor delivers Lck and promotes MHC-restricted TCR signaling. This may be exacerbated
in the case of CD4, which binds Lck with higher affinity than CDS8 (42, 43). Although small
amounts of residual free Lck may be able to initiate some early phosphorylation events (32), it
is insufficient to support full activation.

Although a useful tool for dissecting out the mechanism constraining signaling-competent
modalities of TCR recognition, the drivers of reversed TCR docking in this instance are
unclear. It has been suggested that a reversed TCR—pMHC orientation may be a consequence
of positively charged residues and/or proline within the CDR3p loop, preventing interaction
with a conserved cluster of positively charged residues on the CDR3[ contact regions of MHCI
a2 helices (44). A comparison of the CDR3p loops of naive TRBV 17" (enriched for reversed
TCRs) and immune H-2D"-NPsg6-specific repertoires (/3) (enriched for canonical TCRs)
revealed a similar frequency of His, Lys, Arg, and Pro usage. However, given the TRBV17
gene element encodes an Arg at position 108, all but one of the naive TRBV17" TCRs
contained at least one of these residues while they were present in only around 40% of the
immune CDR3p sequences. Thus, the relevance of these residues in driving non-canonical
docking requires further investigation.

The inability of the reversed TCRs to support signaling would appear to preclude their ability
to support thymic selection. It is possible, given the reduced threshold for thymic selection
compared to peripheral activation (45—48) that an attenuated signal may be sufficient for
positive selection. Alternatively, such TCRs may mediate selection via canonical TCR-pMHC
recognition and exhibit unconventional pMHC recognition only in the periphery.

In summary, the current study demonstrates a dual role for coreceptor association of Lck;
augmenting signaling mediated by canonical TCR—pMHC interactions and preventing

signaling by unconventional modes of recognition. We hypothesize that in this way excessive
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336  TCR cross—reactivity is constrained by the number of signaling competent binding modalities,

337 thereby enhancing the exquisite functional specificity of the TCR—pMHC interaction.
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Materials and Methods

TCR transfection of HEK293T cells

HEK?293T cells (ATCC, #CRL-3216) were maintained in a humidified incubator at 37°C and
10% CO>. HEK293T cells were plated 3.5x10° cells/well of a six-well plate in a 3.5 ml of
complete medium (DMEM (Gibco 11960), 10% FCS, HEPES, L-glut, PenStrep). The
following day, 4.2 ul of FuGene 6 HD (Promega) was added to 171 pul of OptiMEM (Gibco)
in an Eppendorf tube and incubated for 10 min at RT. The FuGene:OptiMEM mixture was then
added dropwise to 700 ng of pMIGII encoding an afTCR sequence and 700 ng of pMIGII
encoding CD3yode and ( subunits and incubated for a further 15 min at RT. The FuGene-
OptiMEM-DNA mixture was then added dropwise to each well of a six-well plate and swirled
to mix gently before returning to the incubator. After 48 hours, culture medium was aspirated
and cells were detached from the plate by repeated washing with FACS buffer (PBS + 0.1%
BSA). Transfected cells were labeled with indicated tetramers for 1 hour at RT followed by
staining for TCR and viability. Tetramer binding was analyzed by flow cytometry using a
Fortessa X20 (BD Biosciences).

Mice and influenza A virus infection

Female C57BL/6J (CD45.2) mice were bred and housed at the Monash Animal Research
Platform (MARP; Monash University, Victoria, Australia). B6.SJPP? (CD45.1) and Ragl ™~
(CD45.2) mice were purchased from the Walter and Eliza Hall Institute and housed at MARP.
Naive Female C57BL/6J mice aged 6—-10 weeks were briefly anesthetized by isoflurane
inhalation and infected intranasally with 1x10* PFU HKx31 (H3N2) influenza A virus in 30 pl
of saline. All animal experimentation was reviewed and approved by the Monash University
Animal Ethics Committee (AEC8585, AEC14182 and AEC17693).

Tetramer-based magnetic enrichment for H-2DP-NP346-specific T cells

17



362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

Tetramer-based magnetic enrichment of epitope-specific T cells was performed largely as
described (49, 50). Spleens and all easily dissected lymph nodes were harvested from 10 naive
female C57BL/6J mice (pre-immune repertoire) or individual mice 10 days post infection with
HKx31 TAV in (immune repertoire). One female C57BL/6J mouse infected with HKx31
between 10-60 days post infection was also harvested to be used as a positive control for
tetramer staining of naive samples. For analysis of the pre-immune repertoire, single-cell
suspensions from 10 naive mice were pooled and then evenly divided into eight separate 50-
ml conical centrifuge tubes, each for enrichment through an LS column (Miltenyi Biotec). For
analysis of immune repertoires samples from individual mice were split evenly into two
matched 50-ml conical centrifuge tubes. Each experimental sample was first blocked using Fc
block (2.4G2 supernatant + 1% normal mouse serum + 1% normal rat serum). Each pair of
tubes were labeled with either H-2DPWT-NP366 or H-2DPA8%E_NPs¢6 tetramers conjugated to
APC for 1 hour at RT. Tetramer-labeled cells were then incubated with anti-APC microbeads
(Miltenyi Biotec) for 30 min at 4°C. Tetramer-bound cells were positively enriched by passage
through an LS column (Miltenyi Biotec) mounted on a QuadroMACS (Miltenyi Biotec)
magnetic separator. Enriched samples were then labeled with antibodies (as listed in table S5)
against cell-surface antigens; including VB9 (TRBV17) and V8.3 (TRBV13-1) and stained
for viability before analyzing entire samples on a Fortessa X20 (BD Biosciences) or Symphony
A3 (BD Biosciences) flow cytometer.

Single-cell TCR sequencing and T cell cloning of immune TRBV17" H-2D"-NP366—
specific T cells

Tetramer-bound cells were enriched and isolated as described above for immune repertoires.
Samples enriched for tetramer bound cells were run on a FACSAria III (BD Biosciences) cell
sorter and live CD19 CD4 CD8 " TCRB*CD44"VB9" H-2D"-NP36¢-specific T cells were single-

cell-sorted using a FACS Arialll Fusion (BD Biosciences) into 96-well PCR plates
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(Eppendorf) and stored at —80°C until use. Single-cell multiplex RT-PCR of afTCR was
performed as previously described (/3). PCR product was sequenced by Sanger sequencing at
the Monash Micromon Genomics Facility (Monash University, VIC, Australia). Antigen-
specific P2A linked TCRaf gene constructs were custom ordered from Genscript and cloned
into pMIGII (RRID: Addgene 52107; a gift from D.A.A. Vignali) vector and sequenced to
confirm the correct TCR sequence. Plasmids encoding antigen specific P2A linked TCRaf3
were prepared and propagated for retroviral transduction using 10-beta Competent Escherichia
Coli (E. coli) (New England Biolabs CR019H) and plasmids were isolated using the EndoFree
Maxi Prep Kit (Qiagen 12362).

Generation of TCR retrogenic mice

Plasmids encoding TCRa and TCRP genes of interest linked by P2A peptide were ordered
from Genscript and cloned into the pMIGII or pMIC vector expressing GFP or mCherry,
respectively (RRID: Addgene 52107, RRID:Addgene 52114; a gift from D.A.A. Vignali).
TCR retrogenic mice were generated as previously described (72, 23) but with the use of

congenically distinct female Ragl™~

(CD45.2) mice as bone marrow donors and female
B6.SJPa (CD45.1) as recipients to aid the identification of donor-derived cells.

Adoptive transfer of retrogenic CD8" T cells for IAV challenge
CD45.1°CD45.2"CD4-CD8" GFP/mCherry" T cells were isolated by FACS from female TCR
retrogenic mice using a BD FACSAria III Fusion or BD Influx cell sorter (BD Biosciences).
Retrogenic T cells (4x10%) from each line were resuspended in 200 pl of PBS + 2% FCS and
injected intravenously into naive female B6.S//7“* (CD45.1) mice. The next day, mice were
infected with 1x10* PFU HKx31 IAV as described. At the peak of the CD8 T cell response (10
days post infection), mice were euthanized and bronchoalveolar lavage (BAL), spleen, and

mediastinal lymph nodes (mLN) were harvested for flow cytometry analysis. Gating strategy

for identifying donor derived retrogenic T cells can be found in fig. S3.
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In vitro TCR expression by retroviral transduction

TCR™!' 5KC cells (TCRap CD4 CDS8") (gift from P. Marrack) were maintained in a humidified
incubator at 37°C and 10% CO.. 5KC cells were sorted for loss of CD4 to establish a
CD4 CD8 TCR™ cell line. HEK293T cells were plated 1x10° cells/dish in a 15-cm tissue
culture dish (Sarstedt) in 10 ml of complete medium (cDMEM; DMEM, 10% FCS, HEPES,
L-glut, PenStrep). The following day, 30 ul of FuGene 6 HD (Promega E2691) was added to
470 ul of OptiMEM (Gibco 31985) in a microcentrifuge tube and incubated for 10 min at RT.
The FuGene:OptiMEM mixture was then added dropwise to 4 pg of pMIGII encoding an
affTCR sequence and 4 pg of pPPAM-E and 2 pg of pVSVg and incubated for a further 15 min
at RT. The FuGene-OptiMEM-DNA mixture was then added dropwise to the HEK293T cell
culture and swirled to mix gently before returning to the incubator. The next day, medium
containing FuGene:OptiMEM:DNA was replaced with fresh cDMEM and incubated for 12
hours. Supernatant was removed approximately every 12 hours five to six times and filtered
through a 0.45-um syringe driven filter. Polybrene (Sigma H9268) (6 ng/ml) was added to the
supernatant before resuspending SKC cells in filtered retrovirus containing supernatant. After
five to six virus transfers, SKC cells were grown to confluency in fresh cDMEM and sorted for
similar TCRaf} and CD8af} expression. For CD8 transductions, only cells expressing an
endogenous ratio of CD8a.:CD8p were sorted.

PERK detection by phospho-flow cytometry

For a positive control, 96-well U-bottom plates were coated overnight with 100 ul of anti-
mouse CD3 antibody diluted to 10 pg/ml in PBS overnight. DC2.4 cells (gift from K. Rock)
were cultured in cDMEM and maintained in a humidified incubator at 37°C and 10% CO..
DC2.4 cells were stained with Aqua Blue Fixable viability stain (Life Technologies) and
seeded at 1x10° cells/well in 50 ul of a 96-well plate (Nunc) and allowed to adhere for 1 hour

in the incubator. Transduced SKC cell lines were labeled with Aqua Blue Fixable viability stain
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(Life Technologies) and plated at 50,000 cells/well and allowed to equilibrate in the incubator
for at 1 hour. NP3 peptide (Genscript) was then added to the DC2.4 cultures at indicated
concentrations and incubated for a further 1 hour. SKC cells (5x10%) were added to peptide-
pulsed DC2.4 cultures at a final culture volume of 100 pul and briefly centrifuged at 600g for 1
min to encourage contact. At the indicated time points, 100 ul of pre-warmed 2X Lyse/Fix
buffer (BD Biosciences 558049) was added to each well and incubated at 37°C for 10 min.
Fixed cells were washed twice in 200 ul of PBS. Fixed cell pellets were permeabilized by
addition of 100 ul of —20°C Perm Buffer III (BD Biosciences) and then stored overnight at
—-20°C. The following day fixed and permeabilized cells were washed with 200 ul of FACS
buffer and stained with cell surface antibodies and a rabbit anti-phospho p44 MAPK (Cell
Signaling Technology) for 1 hour on ice. Cells were washed with FACS buffer and then stained
with an anti-rabbit PE F(ab’), fragment (Cell Signaling Technology) for 30 min. Cells were
washed twice in FACS buffer before running the samples on a BD Fortessa X20 or BD
Symphony A3 (BD Biosciences) flow cytometer.

IL-2 ELISA

DC2.4 cells were seeded at 1x10° cells/well in 100 ul of a flat-bottom 96-well plate (Nunc)
and allowed to adhere for 1 hour in the incubator. Transduced SKC cell lines were plated at a
concentration of 1x10° cells/ml and allowed to equilibrate in the incubator for at least 1 hour.
NPs66 peptide was then added to the DC2.4 cultures at indicated concentrations and incubated
for a further 1 hour. SKC cells (5x10%) were added to peptide pulsed DC2.4 cultures or to the
anti-CD3 coated wells at a final culture volume of 200 pl and briefly centrifuged at 600g for 1
min to encourage contact. After 16 hours of coincubation, plates were centrifuged at 935g for
3 min to pellet cells and supernatant was aspirated and transferred to a new plate and stored at

—20°C until required. IL-2 secreted in the supernatant was measured using the BD IL-2 mouse
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ELISA kit (BD Biosciences 555148) according to the manufacturer’s instructions. Absorbance
was measured at 450 nm using a CLARIOstar plate reader (BMG LabTech).
Immunoprecipitation and immunoblotting

5KC T cells (1.5-2x107) were lysed for 60 min at 4°C in 300 pl of Pierce® IP Lysis/Wash
Buffer (25 mM Tris-HCI pH 7.4, 150 mM NacCl, 1% NP-40, 1 mM EDTA, and 5% glycerol)
and 1X Halt™ Protease Inhibitor Cocktail (Pierce). Lysates were centrifuged at 13,000g for 20
min and 30 pl of supernatant was kept as whole-cell lysate/input. The remaining lysate was
pre-cleared with 20 ul washed Protein G Sepharose for 60 min at 4°C. Protein G Sepharose
(20 ul) was incubated with 10 pg of anti-CD8a (53-6.7) for 60 min at 4°C. Antibody-
conjugated Protein G Sepharose was washed three times with Pierce® IP Lysis/Wash Buffer.
Immunoprecipitation was performed by addition of pre-cleared lysate to antibody-conjugated
Protein G Sepharose and incubation for 3 hours at 4°C. Samples were centrifuged, washed five
times in Pierce® IP Lysis/Wash Buffer and once in 50 mM Tris-HCI (pH 7.4). Elution was
performed by boiling in 3X Laemmli Buffer with 50 mM DTT (95°C, 5 min). Samples were
centrifuged and supernatant containing immunoprecipitated CD8 was collected. Samples were
resolved on 10 to 14% SDS-PAGE under reducing conditions at 100 V for 3-4 hours. Proteins
were wet transferred onto PVDF membranes at constant 300 mA for 2 hours. Membranes were
blocked for 60 min at RT in 5% skim milk (w/v) in 0.1% (v/v) TBS-Tween prior to incubation
with specific antibody (1:3000) overnight at 4°C. Membranes were washed three times in 0.1%
(v/v) TBS-Tween and probed with relevant horseradish peroxidase-conjugated secondary
antibody as indicated for 60 min at RT. Following three washes in 0.1% (v/v) TBS-Tween,
ECL substrate was added to membranes for 2 min. Blots were visualized on a ChemiDoc XRS+
(Bio-Rad Laboratories).

Confocal and fluorescence lifetime imaging (FLIM) for analysis of Forster resonance

energy transfer (FRET)
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DC2.4 cells were maintained in phenol free cDMEM (Gibco 31053). DC2.4 cells were seeded
in 35-mm Fluorodish (World Precision Instruments) cell culture dishes at 1x10° cells/dish in 1
ml of culture and incubated overnight at 37°C and 10% CO,. The following day, DC2.4 cells
were washed three times with pre-warmed PBS and then stained with 5 uM CellTrace Violet
(CTV; Invitrogen C34557) for 30 min. CTV was then aspirated from the dish and the labeled
cells were washed three times with pre-warmed phenol free cDMEM. Labeled DC2.4 cells
were incubated with 10 uM NP3e6 peptide for 1 hour. SKC hybridoma cells expressing TCR
and the FRET pairs CD3{-GFP and CD8B-mCherry were plated at a density of 1x10° cells/ml
in a six-well dish and were equilibrated in the incubator for at least 1 hour before use. For
imaging, DC2.4 cells were brought into focus and then 100 ul of T cells (approximately 1x10°
cells) were added to the culture dish containing labeled DC2.4 cells and then imaged by
confocal microscopy up to 20 min later using an Olympus FV1000 running Fluoview software
(Olympus). Fluorescent lifetime of the donor molecule GFP was measured by time-correlated
single photon counting (TCSPC) using a PicoHarp 300 (PicoQuant) running Symphotime 64
(PicoQuant) fitted to an Olympus FV1000 laser scanning confocal microscope. The laser set
up was a 485-nm pulsed laser. TCSPC decay curves were fitted to a biexponential
reconvolution decay model in SymphoTime 64 to determine donor (GFP) lifetime. A good
biexponential reconvolution decay curve fit was characterized by y % values close to 1. x> values
that deviated by 1 were uncommon in our dataset but were excluded from the analysis. To
detect FRET, the amplitude weighted donor average lifetime (tavamp) Was used as this reflects
the quenching of the donor due to the FRET process. To determine FRET between CDS§3-
mCherry and CD3(-GFP, we measured tavamp at the immunological synapse where the T cell
interacted with a dendritic cell by selecting a region of interest (ROI) in the FLIM image. Non-

synaptic Tavamp Was also measured from the same cell as an internal control and was used to
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calculate the percentage change in tavamp of GFP at the synapse (SynAtayvamp). For analysis, n-
exponential reconvolution using n=2 model parameter was used for donor curve fitting.

2D micropipette adhesion frequency assay (2D-MP)

The relative 2D affinity of the H-2DP restricted nucleoprotein epitope (NP3s6; ASNENMETM)
TCRs expressed in SKC hybridoma cell lines was measured by the previously described 2D-
MP (14-18). In short, human red blood cells (hRBCs) coated with Biotin-LC-NHS (BioVision)
streptavidin (ThermoFisher Scientific) and then coated with biotinylated H-2DP-NP3¢6P227%
and then mounted on a glass micropipette. SKC hybridomas expressing either B13.C1, B17.R1,
B17.R2 and B17.C1 TCRs were mounted on opposing glass micropipette. The adhesion
frequency between the TCR of interest and pMHC aspirated on opposing micropipettes was
observed using an inverted microscope. An electronically controlled piezoelectric actuator
brought the opposing cells into contact and repeated a T cell contact and separation cycle with
the pMHC coated RBCs 50 times while keeping contact area (Ac) and time (t) constant. Upon
retraction of the T cell, adhesion (binding of TCR—-pMHC) was observed as a distention of the
RBC membrane, allowing for quantification of the adhesion frequency (Pa) at equilibrium.
Surface pMHC (ml) and TCRb (mr) densities were determined by flow cytometry using an
anti-TCRP PE antibody (H57-597; BD Biosciences) and an anti-H2DP antibody (clone:28-14-
8; eBioscience) both at saturating concentrations along with BD QuantiBRITE PE beads for
standardization (BD Biosciences). The calculation of molecules per area was determined by
dividing the number of TCR and pMHC per cell by the respective surface areas. The relative
2D affinities were calculated using the following equation: AcKa=—In[1-Pa(1)]/mrml.
Biomembrane force probe (BFP) assay

Bond-lifetime measurements under force were captured using the biomembrane force probe
(BFP) assay. Procedures for coupling pMHC to glass beads have been described previously

(21). Briefly, hRBCs were first biotinylated with EZ-link NHS-PEG-Biotin (Thermo Fisher
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Scientific) and then reacted to streptavidin. Borosilicate beads were first cleaned, silanized, and
then reacted to streptavidin—maleimide (Sigma-Aldrich, St. Louis, MO). Streptavidin beads
were then coated with H-2D*-NP366 or H-2D?-D227K-NP3s6. pMHC monomer coated beads
(which serve as a force probe) were then placed on the apex of a hRBC that was aspirated onto
a glass micropipette. The position of the edge of the bead was tracked by a high-resolution
camera (1,600 frames/s) with < 3-nm displacement precision. The position of the edge of the
bead was tracked by a high-resolution camera (1,600 frames/s) with <3 nm displacement
precision using a Zeiss microscope. The cell was brought into contact with the pMHC coated
bead:RBC, the cell was then retracted and held at the desired force by the computer-controlled
piezoelectric actuator until bond dissociation occurred. If adhesion was present, it was detected
by tensile force caused by stretching of the hRBC and tracked by displacement of the pMHC
coated bead. The bond lifetime was measured from the time the desired force was reached to
the time it took the cell to disengage with the bead which was visualized as the RBC retracted
and the bead returned to its starting position before the start of the next cycle. Repeated cycles
(known as force-clamp cycles) could be performed. Multiple forces were collected for each
ligand (pMHC coated beads) and were shown in 5-8 bins as the mean + s.e.m. For an optimal
response to antigen bond lifetimes increase with increasing force before reaching a peak and
then decrease, which is referred to as a catch bond. When increasing force leads to decreasing
bond lifetime this is termed a slip bond.

Supported Lipid Bilayer (SLB) preparation

Glass coverslips of a 0.17-mm thickness were first cleaned with 1M KOH for 10 min and then
rinsed with MilliQ water and placed in 100% ethanol for 20 min. These glass coverslips were
then plasma cleaned for 5 min. Afterwards, the coverslips were adhered to eight-well silicon
chambers (ibidi, 80841). A liposome solution of 1 mg/ml with a lipid ratio of 96.5% DOPC

(1,2-dioleoyl-sn-glycero-3-phosphocholine), 2% DGS-NTA(Ni1) (1,2-dioleoyl-sn-glycero-3-
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[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)), 1% Biotinyl-Cap-
PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (sodium salt)), and
0.5% PEG5000-PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-5000] (ammonium salt) (mol%; all available from Avanti Polar
Lipids (DOPC, 850375C), (DGS-NTA(Ni), 790404C), (Biotinyl-Cap-PE, 870273C),
(PEG5000-PE, 880220C) was created by vesicle extrusion, as described previously (35).
Extruded liposomes were added to eight-well chambers at a ratio of 1:5 with MilliQ water (with
10 mM of CaCly) and incubated for 30 min at RT before gently rinsing with PBS repeatedly.
During washing steps, the disruption of the lipid bilayer was minimized by retaining
approximately 200 ul of PBS in each well. Lateral mobility of the freshly prepared SLB was
confirmed by adding 10 ug/ml of fluorescently labeled streptavidin (Invitrogen, S11223) and
monitoring fluorescence recovery after photobleaching (FRAP) as described elsewhere (35).
Excess Ca?" ions in the system were removed by adding 0.5 mM of EDTA followed by gently
rinsing with MilliQ water. The NTA groups in DGS-NTA(Ni) lipids were then recharged by
adding 1 mM of NiCl, for 15 min and gently rinsed with PBS repeatedly. Finally, SLB was
blocked with 5% BSA in PBS for 15 min at RT.

T cell activation on SLB

To decorate the SLB with biotinylated pMHC and His-tagged ICAM-1, 100 pg/ml of
streptavidin (Life Technologies) was incubated for 20 min and rinsed with PBS. Afterwards,
500 ng/ul of biotinylated H-2D*~NP366 (pPMHCI) (/2) and 200 ng/pl of His-tagged ICAM-1
(Sino Biological) prepared in 5% BSA in PBS was added to the lipid bilayer and incubated for
1 hour at RT. SLB was gently rinsed with PBS for several times to remove excess unbound
proteins. Before adding T cell hybridomas, SLB was incubated with warm DMEM culture

media (37°C) for 30 min. T cell hybridomas were then allowed to activate on the lipid bilayer
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for 5 min at 37°C, followed by immediate cell fixation with 4% paraformaldehyde (vol/vol) in
PBS for 15 min at RT. Excess fixatives were removed by rinsing with PBS afterwards.
Immunostaining of SKC T cells

Prior to immunostaining SKC T cells were permeabilized with 0.1% Triton X-100 (vol/vol)
(Sigma-Aldrich) for 15 min and then rinsed with PBS. Cells were then blocked with 5% BSA
in PBS for 1 hour. T cells were stained with primary antibodies reactive against TCRf} subunit
and conjugated to Alexa Fluor 647 fluorophore (BioLegend). Cells were probed with primary
antibodies for 1 hour at RT. Following antibody staining, samples were repeatedly rinsed with
PBS to remove excess unbound antibodies and fluorophores. A post-fixation was performed
using 4% paraformaldehyde (vol/vol) in PBS for 15 min. Prior to imaging, 0.1-um TetraSpeck
microspheres (Invitrogen) were embedded on to the lipid bilayer.

Single-molecule localization microscopy with dISTORM

For single-molecule imaging, an imaging buffer consisting of TN buffer (50 mM Tris-HCI [pH
8.0], 10 mM NaCl), oxygen scavenger system GLOX (0.5 mg/ml glucose oxidase, G2133,
Sigma-Aldrich; 40 pg/ml catalase, C-100, Sigma-Aldrich; and 10% w/v glucose), and 10 mM
2-aminoethanethiol (MEA: M6500, Sigma-Aldrich) was used. ISTORM image sequences
were acquired on a total internal reflection fluorescence (TIRF) microscope (commercial setup,
Zeiss Elyra) with a 100X oil-immersion objective (NA = 1.46). For Alexa Fluor 647, 633 nm
(15 mW) laser illumination was used alongside with a 405-nm activator laser (15 pW) for
imaging. Time series of 10,000 frames were acquired per sample with a cooled, electron-
multiplying charge-coupled device camera (iXon DU-897D; Andor) with an exposure time of
50 ms. Image processing, including fiducial markers-based drift correction and generation of
x—y particle coordinates for each molecule detected in the acquisition were performed by Zeiss
Zen software (Zen Black 2012 version).

Expression, refolding, purification, crystallization, and structure determination
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DNA fragments encoding the TCRa-variable (TRAV) and TCRp-variable (TRBV) segments
of the B17.C1 TCR were purchased, codon optimized (Genscript), amplified and cloned
separately into a previously reported expression vector fused to human Ca and Cp, respectively
(12). The B17.R2 TCR was generated by mutagenesis of the B17.R1 TCR. The B13.C1 TCRaf3
construct was purchased, codon optimized for mammalian cell expression (Genscript) and
cloned into a pHLsec vector. Each TCR is a chimeric construct of mouse variable and human
constant domain. The plasmids constructs were confirmed via DNA sequencing. The B13.C1
TCR was produced in HEK293S cells as a soluble protein, purified via its His tag over affinity
column, and size exclusion chromatography. Soluble H-2D® WT or mutant heavy chain
(generated by site direct mutagenesis), the human and mouse 2m, the B17.R1, B17.R2 and
the B17.C1 TCRs a and B chains were expressed separately in E. coli (Novagen 70236) as
inclusion bodies then subsequently solubilized, refolded, and purified as previously reported
(12).

Crystals of the ternary B17.R2-H-2D"-NPs¢s complex were grown by the hanging-drop, vapor-
diffusion method at 20°C with a protein/reservoir drop ratio of 1:1, at 3 mg/ml in 10 mM Tris-
HCI pH 8.0, 150 mM NaCl using 20% PEG 3350, 0.2 M K/Na/Tartrate, and 0.1 M Bis-tris-
Propane buffer pH 6.5. Crystals of the ternary B17.C1-H-2D"-NP36¢ complex were grown by
the hanging-drop, vapor-diffusion method at 20°C with a protein/reservoir drop ratio of 1:1, at
8 mg/ml in 10 mM Tris-HCI pH 8.0, 150 mM NaCl using 16% PEG 3350, 0.2 M potassium
thiocyanide, 4% ethylene glycol, and 0.1 M Bis-tris-propane buffer pH 7.6. The crystals were
soaked in a cryoprotectant solution containing mother liquor solution with the PEG
concentration increased to 30% (w/v) and then flash-frozen in liquid nitrogen.

For the B17.C1-H-2D>-NPs¢s structure, despite successfully reproducing and testing
numerous crystals, only a single crystal gave a diffraction at high resolution (i.e. <5 A) and

was rapidly destroyed by radiation damage. Datasets were collected on the MX1 (57) and MX2
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(52) beamline at the Australian Synchrotron (Clayton, Victoria, Australia), processed using
XDS software (53) and scaled using Aimless software (54) from the CCP4 suite (55). The data
cut-off used was CC12>0.5% and I/c(1)>1.5 (56). The structures were determined by molecular
replacement using the PHASER program (57) with the B17.R1 TCR from the previous
B17.R1-H-2D*-NP366 complex as the search model for the TCR (PDB accession code 5SWZ
(12)). Manual model building was conducted using the Coot software (58) followed by
maximume-likelithood refinement with the Buster program (59). The final model has been
validated using the PDB validation web site and the final refinement statistics are summarized
in table S1. The electron density at the interface was well defined despite a slightly above
average R factors. The high R factors are due to poor electron density for some parts of H2DP
a3 domain, the f2m, as well as the C-terminus of TCRa constant domain. These regions are
distal from the ligand interface however. All molecular graphics representations were created
using PyMol (The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC). The
structures have been deposited into the PDB database (B17.R2 TCR-H-2D’>-NPs¢, PDB
7JWI; B17.C1 TCR-H-2D’-NPs¢6, PDB 7JWJ).

Surface plasmon resonance

Surface plasmon resonance experiments were conducted at 25°C on the BIAcore T200 and
BIAcore 3000 instrument (GE Healthcare, Buckinghamshire, UK) with 10 mM Tris-HCI (pH
8), 150 mM NaCl, 0.005% surfactant P20, and 0.5% BSA buffer. The 12HS8 antibody was
bound to all flow cells of a CMS5 sensor chip via amine coupling (60), and all TCRs
subsequently bind to the antibody. A negative control (LC13 TCR) (6/) was used on each SPR
chip bound to flow cell 1. Each cycle of TCR injection and pMHC injection was regenerated
with Actisep (Sterogene). pMHC was flowed over the surface with a concentration range of

0.78-200 uM at a flow rate of 5 pul/min or 30 pl/min. A minimum of two independent
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experiments were conducted (n=2) in duplicate. GraphPad Prism software was used for data
analysis with the 1:1 Langmuir binding model.

Statistical analyses

Statistical analysis was performed with one way ANOVA or two-way ANOVA when
comparing multiple groups as indicated. For data obtained over multiple days we considered
the possibility of day to day variation which we accounted for as a “nuisance factor” in the
two-way ANOVA. We did not find a statistically significant effect of day to day variation in
our analysis. Where appropriate we also performed paired samples t-tests as indicated in the
figure legends which pairs the data-set by the day in which they were obtained; p values are
denoted as * P<0.05, ** P<0.01, *** P<0.001, and **** P<0.0001. Ripley’s K analysis was
used to quantify the degree of clustering in a population of molecules compared to a complete
spatial randomness (62). For each molecule registered as a localization event, Ripley’s (K)
calculates the number of neighbouring localizations within a given radius (r) corrected by the
total density of localizations providing information on the degree of spatial clustering of
molecules within a region of interest (ROI). In this study, we performed Ripley’s K analysis
on single-molecule images using a previously published algorithm (27). To determine the
average clustering value within a ROI, this algorithm utilized a linearized form of Ripley’s (K),
the L(r)-r. Here, r is defined as the spatial scale radius. In a complete spatial randomness,
L(r)-r value equaled zero. Similarly, a positive value for L(»)-r at a given r radius indicated a
clustering of localization events, whereas a negative value represented a dispersed spatial
organization (negative clustering). The start (0 nm), end (500 nm), and step size (10 nm) for
in the algorithm were user defined. The maximum L(7)-7 value derived from L(7)-r vs r graph
corresponded to the spatial scale (7) at which the highest degree of clustering of localizations

was observed.
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Figure Legends

Fig. 1. Reverse-docking TRBV17" T cells are not recruited into the immune response

(A and B) HEK293T cells were transfected with B13.C1 (black) and B17.R1 (gold) TCRs and
binding of WT or mutant H-2D?-NP34 tetramers analyzed 48 hours after transfection. Live,
GFP" cells were gated and analyzed for change in geometric mean fluorescence intensity
(geoMFI). Shown is (A) geoMFI as a percent change from the WT tetramer and (B)
representative dot plots staggered (top panel) or overlaid (bottom panel) of TCR expression
and binding of various mutant tetramers. Data shown in (A) are from two independent
experiments combined. Data shown in (B) are dot plots from one representative experiment.
(C) Binding response of B17.R1 TCR against H-2D>-NP3s" " in black or H-2D*-NP3¢6*%F in
green. Data presented are from a single experiment representative of two independent
experiments. (D to K) Representative dot plots and graphs showing the proportion of H-2D"—
NP366"T binding (D, H, black) or H-2D*-NP3¢"%%F binding (E, I, green) T cells using either
TRBV13 (VB8.3) or TRBV17 (VB9) TCRP chains isolated from naive mice (10 mice
pooled/data point; D to G) or immune mice 10 days post infection (one mouse per data point;
H to K). Plots represent the percentage change in TRBV13* T cells bound by the H-2D"-
NP3¢6*%F tetramer relative to H-2DP-NP3¢6"T tetramer from (F) naive mice and (J) immune
mice, and the percentage change in TRBV17" T cells bound by the H-2D"-NP3¢**F tetramer
relative to H-2DP~NP36V T tetramer binding from (G) naive mice and (K) immune mice. Data
shown from 10 pooled naive mice in D to E represents one sample of n=3. Summary data
shown in F and G are mean and SEM of three independent datasets (each containing 10 pooled
mice). Data from an individual immune mouse shown in H and I represents one sample of n=9.
Summary data shown in J and K are mean and SEM from a representative 3 samples (each
containing one mouse) collected on one day.

Fig. 2. Prevalence of TCRs in the immune response is unrelated to TCR-pMHCI affinity
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(A and B) TRBV17 TCRB" H-2DP-NP3¢6-specific TCR clonotypes presented as bar graphs
with corresponding CDR30/CDR3 sequences from (A) six individual naive (m1-m6) (/3) or
(B) four individual immune mice (m1-m4) 10 days post infection with IAV. (C to F) HEK293T
cells were transfected with pMIGII vectors encoding aBTCR and CD3y8e{ and H-2D°-
NP366VT (black) or H-2DP-NP3¢"3%F (green) tetramer staining analyzed by flow cytometry 48
hours later. Shown are representative flow cytometry plots of TCRf expression and tetramer
binding from live, GFP" cells (left) and SPR sensorgrams (right) of (C) B13.C1, (D) B17.Cl1,
(E) B17.R2 and (F) B17.C2 TCRs. Data shown in C to F are from one experiment
representative of two (SPR) or three (flow cytometry) independently performed experiments.
Fig. 3. B17.R2 TCR and B17.C1 TCR in complex with H-2D"-NP3¢6

The TCR-pMHC complexes of (A) B17.R2 TCR-H-2D®-NP3¢6 and (C) B17.C1 TCR-H-2D"-
NP366. (B and D) The TCR atomic footprints on the surface of each corresponding pMHC
complex, spheres represent the center of mass of Va (pink) and VB (blue). Pie charts represent
the relative contributions of each TCR segment to the pMHCI interaction, contacts are colored
according to the CDR loop involved. The TCRa chain is colored pink, the TCRJ chain blue,
H-2DP white, p2m orange, and peptide black/dark gray. CDR1, 2, 3a are colored in green, teal,
and purple, respectively, and CDRI, 2, 3B in red, orange, and yellow, respectively. Framework
(FW) is colored pink for the FWa and blue for the FWp.

Fig. 4. TCR-pMHCI docking orientation is a primary determinant of in vivo T cell
activation and recruitment

(A) Schematic diagram of experimental protocol. Retrogenic CD45.2" GFP/mCherry” CD4~
CD8" T cells were sorted from B13.C1 (mCherry), B17.R1 (GFP), B17.R2 (GFP) and B17.C2
(mCherry) retrogenic mice and 4x10° cells were transferred individually or cotransferred into
naive C57BL/6 mice that were infected i.n with 1x10* PFU HKx31 IAV the following day.

Mice were killed for analysis 10 days after infection. (B) Dot plots from the BAL of mice that
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received cotransfers of retrogenic T cells. (C to N) Shown is the percentage retrogenic CD8*
T cells of total CD8" T cells isolated from the BAL (C, F, I, L), spleen (D, G, J, M) or
mediastinal lymph nodes (E, H, K, N) from single adoptive transfers (C to E) or cotransfers
(F to N) at day 10 post infection. Each point represents data from an individual mouse (n=2—
8) and the combined dataset was collected over four separate days. Each sample testing
cotransferred retrogenic T cells was paired with individual transfers as experimental controls.

Fig. 5. Reversed TCR—pMHCI docking does not impede TCR clustering, but mislocalizes
the CD8 coreceptor and CD3 complex

(A) Single-molecule images of SKC TCR transductants expressing canonical docking B13.C1
or B17.R2 TCRs on supported lipid bilayers decorated with either ICAM-1 only (ICAM-1) or
ICAM-1 + H-2D*NP3¢6 (ICAM-1 + pMHC) at 5 min (scale bar: 5 um). Close-up view of
single-molecule localization microscopy image (2 pmx2 um) as TCR cluster maps (lower
panels) from representative regions (boxed, top panel), with TCRf molecules in clusters shown
in green and molecules outside clusters shown in blue. Cluster contours are highlighted in red
lines. (B) Ripley’s K analysis of TCR clustering (L(7)-7) against radii (). Complete spatial
randomness is shown as a solid gray line where L(r)-r = 0. Positive L(r)-r values indicate
molecular clustering relative to the random distribution, shown as the mean (solid line) + 95%
CI (dashed lines) for TCRs under each condition. Dotted lines indicate + SEM (C) The
maximum L(7)-r value derived from the peak of the graph in (B) corresponds to the spatial
scale (r) at which the highest degree of clustering of localizations is being observed (n=20).
Statistical analysis performed by one—way ANOVA. (D and E) Representation of the TCR—
CD3 complex (PDB 6JXR), CD8 coreceptor (PDB 3DMM) and ternary complex of (D)
B17.C1 TCR-H-2D®-NP366 and (E) B17.R1 TCR-H2D"-NP34 (PDB 5SWZ). The different
chains are shown in black for CD3((, red for the CD3ye, pink for the CDog, and blue for the

TCRap chains. MHC is shown in white, whereas the CD8 coreceptor is shown in orange. (F)
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DC2.4 cells labeled with cell tracker violet (CTV) were pulsed with 10 uM NP366 peptide for
1 hour before coculture with SKCSGFP-CD8pmCherry ex yressing TCRs as indicated. T cell hybrids
interacting with a DC2.4 cell were imaged up to 20 min post coculture by confocal microscopy
and subsequently analyzed by FLIM to measure GFP lifetime 10-20 s later (fig. S3) (scale bar
= 10 um). (G) Amplitude weighted lifetime of GFP (Tavamp) of B13.C1, B17.R1, B17.R2,
B17.C1 and B17.C2 TCR" T cells (£NP3ss peptide) measured as percentage change at the
synapse versus non-synapse (SynATavawmp). Cells were observed on three different days.
Statistical analysis was performed by two-way ANOVA to examine the effect of stimulation
and the day on which each cell was observed on the SynATayamp for each cell line. Significant
effects on the SynATavamp by peptide stimulation is indicated by *** P<0.001 as indicated. For
each cell line, no significant effect on the SynATa.vamp was found for the day each cell was
observed.

Fig. 6. Signaling constraints that mandate TCR—-pMHCI docking orientation are driven
by Lck sequestration and localization by the CD8 coreceptor

(A to C) Representative histograms of TCR expression (top panel) and dot plots of CD8af3
expression (bottom panel) by SKC TCR transductants expressing B13.C1 (black) and B17.R2
(red). (D, E) Immunoblots of CD8-associated Lck in CD8WT CDSNVLL and CD8C
transductants expressing (D) B13.C1 or (E) B17.R2 TCRs. (F to H) Time-resolved pERK
induction (top panels) up to 60 min after coincubation with peptide pulsed DC2.4 cells,
presented as a percent change from a no peptide control (measured at corresponding time point)
using cells that express (F) CD8VT, (G) CD8NVLE and (H) CD8%*C. (Middle panel) pERK signal
magnitude analysed by area under the curve (AUC) analysis of 0-60-mins stimulation. Samples
were tested in duplicate (n=3) and mean and SEM of all datasets shown. Statistical analyses
were performed using a paired samples t-test to pair by dataset. Statistical significance is

indicated by ** P<0.01 as indicated. IL-2 secretion (bottom panels) into the supernatant by (F)
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CD8WYT, (G) CD8NULL and (H) CD8*€ transductants was measured by ELISA after 16 hours
of coincubation with peptide pulsed DC2.4 cells and presented as a percentage of the plate
bound anti-CD3 antibody stimulation controls. Samples were tested in duplicate (n=3) and
mean and SEM of all datasets shown. Statistical analyses were performed using a paired

samples t-test to pair by dataset. Statistical significance is indicated by * P<0.05 as indicated.
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Table 1. TCRs, recruitment characteristics, docking polarity and Kp

TCR TCRa TCRp Immune Docking Kb (uM) Kb (uM)
Recruitment  |Polarity H-2D"WTNP346|H-
2DbA89ENP366
B13.C1 TRAV16; TRBV13-1; |Immuno— Canonical* |4.13+1.55 ND
(NP1-B13") |RVSGGSNAKL [SGGGNTGQ |dominant
L
B17.R1 TRAV14; TRBV17; Naive or poorly|Reversed 37.5+44 >200
(NP1-B17") |SETSGSWQL |SRDLGRDTQ [recruited
B17.R2 TRAV14; TRBV17; Naive or poorly|Reversed 6.34+1.58 62 +30
SETSASWQL |SRDLGRDTQ |recruited
B17.C1 TRAV4-4; TRBV17, Clonally Canonical |>>200 >200
AAVTGNTGK |SRGTIHSNT |expanded
B17.C2 TRAV14D; TRBV17; Clonally Canonical* |ND ND
SSRRGSAK SRGGLSYEQ |expanded

# previously reported in (12)
* Structure undetermined; polarity inferred by MHCI mutational analyses
ND = not determined
The SPR values are the mean £ S.E.M. of experiments done at a minimum twice in duplicate.
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(A) Relative 2D affinities of B13.C1, B17.R1, B17.R2 and B17.C1 to H-2DbNP3¢s>227%
monomers were measured by 2D-MP as described. Shown are the means 2D affinity +
SEM. B-F Biomembrane force probe experiments were performed for B13.C1 (B), B17.C1
(C), B17.R1 (D) and B17.R2 (E) TCRs as described. (F) Geometric means (top panel) or
mean = SEM (bottom panel) of bond lifetimes measured at 10pN force. Shown are the

means and SEM of >600 bond lifetimes from 3 experiments.
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Fig. S2. Gating Strategy and Recruitment of Retrogenic CD8" T cells After Infection

CD45.1- CD45.2" CD4 CD8" GFP/mCherry" T cells were sorted from female TCR
retrogenic mice using a BD FACS Aria III Fusion or BD Influx cell sorter. Retrogenic T
cells (4x10%) from each line were injected i.v. into naive female B6.SJPP™a (CD45.1) mice.
The next day, mice were infected with 1x10* PFU HKx31 IAV and 10 days later cells mice
were killed. (A) Cells isolated from bronchoalveolar lavage (BAL) were isolated and
analyzed by flow cytometry. Shown is a representative FACS plot and gating strategy of
cells isolated from the BAL of mice that received a co-transfer of B13.C1 TCR*
(mCherry") and B17.R2 TCR* (GFP") T cells. (B to E) GFP expression from individual
transfer of (B) B17.R1 TCR" (GFP"), (C) B17.R2 TCR" (GFP") or (D) B13.C1 TCR"
(GFP") CDS8" T cells from BAL (top panel), spleen (middle panel) and mediastinal lymph

nodes (mLN; bottom panel) at 10d following IAV infection; 2 mice per group. (E)



Comparison of recruitment of mCherry™ (data from Fig. 4) or GFP" B13.C1 retrogenic T
cells at 10d following IAV infection, as percent of CD8" T cells in the BAL (top panel),

spleen (middle panel) and mLN (bottom panel).
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Fig. S3. Sensitivity to stimulation and synapse definition of SKCGCFP-CD8Bmcherry ¢o]jg

The 5KCCEOFP-CD8pmCherry Jineg were generated as described (see Methods). (A) Overlaid

dotplot of the SKC&GFP-CD8pmCherry o] Jine expressing CD3¢(-GFP and CD8B-mCherry

fusion proteins (red) and untransduced 5KC (black). (B) B13.C1 TCR" transduced

5K CEOFP-CD8Bmeherty Jineg were co-cultured with DC2.4 cells pulsed with medium only, 1

uM or 10 uM of NP366 peptide, for 10 minutes before analysis of pERK as described (see

Methods). A PMA/Ionomycin control was included as a positive control for pERK

staining. (C) Representative histograms of pERK expression by TCRB" pERK"

5K CEOFP-CD8mCherry Jines expressing B13.C1 or B17.R2 TCR after co-incubation with

DC2.4 cells pulsed with medium only or 10 uM of NPses peptide. (D) Representative



histograms of pERK expression of each cell line after stimulation with PMA/Ionomycin
for 10 minutes. (E) CellTrace labelled DC2.4 cells were pulsed with 10 uM of NP3e
peptide for 1 hour before co-culture with SKCGOFP-apmChery exnressing B13.C1 as a
representative sample. T cell lines interacting with a DC2.4 cell were imaged by confocal
microscopy up to 20 minutes post co-culture and analyzed by FLIM to measure GFP
lifetime (left panel). Shown is a representative image as per Fig. SF. The change in GFP
lifetime at the synapse (SynAtavamp) Was calculated by determining tavamp at the synapse
by specifying a region of interest (ROI) in Symphotime 64 (PicoQuant) that corresponds
to areas of T cell — DC interaction (synapse) or no interaction (non-synapse). Shown is a
FLIM-FRET image of a B13.C1 TCR" cell as per the left panel to illustrate the
representative strategy for identifying synaptic vs. non-synaptic ROI (right panel). (F) For
analysis of FLIM, TCSPC decay curves were fitted to a bi-exponential reconvolution decay
model in SymphoTime 64 to determine donor (GFP) lifetime. A good bi-exponential
reconvolution decay curve fit is characterised by X? values close to 1 and a representative

decay curve is shown in F.
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of T cell lines to PMA/Ionomycin, peptide-pulsed DCs and

anti-CD3 Ab stimulation.

(A) pERK induction after 10 min stimulation with peptide-pulsed DC2.4 cells was

measured by flow cytometry. Shown are representative histograms of CD8WT (top panel),

CD8NULL (middle panel) and CD8%C (bottom panel) from one experiment representative

of 3 independent experiments. (B and C) pERK induction was measured by flow cytometry

after 10 min stimulation with PMA (50 ng/mL) and ionomycin (500 ng/mL). (B)

Representative dot plots showing pERK and TCRP expression on unstimulated or

PMA/ionomycin stimulated CD8YT (top panel), CD8NVLL (middle panel) and CD8C

(bottom panel) cells. (C) pERK MFI was normalized to baseline (unstimulated control) to

allow the combination of multiple experiments. Samples were tested in duplicate (n=5) and



mean and SEM of all datasets shown. Statistical analyses were performed using a paired
samples t-test to pair by dataset; ns denotes not statistically significant P>0.05. (D to F)
IL-2 secretion by (D) CD8WT, (E) CD8NVLL and (F) CD8YXC cells expressing either B13.C1
TCR or B17.R2 TCR was measured by ELISA after 16 h of co-incubation with peptide
pulsed DC2.4 cells (1 uM, 2 uM or 10 uM) or antibody-mediated polyclonal stimulation
(aCD3). Shown are the means of the absolute IL-2 concentration (before normalization)

from one analysis of duplicate samples (n=3).
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Fig. SS. pERK and TCRp downregulation for cells expressing canonical and

reversed TCRs

(A) Time resolved pERK induction (top panels) in cells expressing CD8 (CD8WT, left
panel) or lacking CD8 (CD8NVLL | right panel) up to 120 min after co-incubation with NP3e6
peptide-pulsed DC2.4 cells, relative to no peptide control (measured at corresponding time
point). Shown is each data point and the mean from 2 independent experiments. (B) TCRf3
downregulation after co-incubation of CD8WT (black bars) or CD8NULL (grey bars) with
peptide pulsed DC2.4 cells for 16 hours. Samples were tested in duplicate (n=2) and the

mean and SEM of all datasets shown. Statistical analyses were performed using a paired



samples t-test to pair by dataset. Statistical significance compared to the no peptide control

is indicated by; * P<0.05, ** P<0.01 as shown.



Table S1. Data collection and refinement statistics

B17.R2-H-2D"NP36

B17.C1-H-2D"NP36

Data Collection

Space group

1222

C222

Cell dimensions

a,b,c(A) 91.67, 141.00, 217.65 61.77,224.64, 172.36
a, B,y (°) 90, 90, 90 90, 90, 90
Number of reflections 56246 (5562) 37844 (3656)

Number of unique reflections

28123 (2781)

19228 (1862)

Resolution (A) 43.07-3.02 (3.13-3.02) | 43.09 - 3.25(3.37-3.25)
Multiplicity 2.0(2.0) 2.0(2.0)

Completeness (%) 100 (100) 99 (100)

I/o(D) 11.5(1.8) 13.9 (1.7)

Rmerge 0.060 (0.367) 0.034 (0.483)

CCi2(%) 99.5 (83.0) 100 (70.1)

Refinement

No. reflections

28105 (1411 in test set)

19215 (952 in test set)

Rwork (%) 23.9 (25.0) 27.6 (29.1)
Riree (%) 28.1 (29.5) 30.6 (32.1)
Protein residues 828 811
R.m.s deviations

Bond lengths (A) 0.01 0.007




Bond angles (°) 1.42

1.13

Ramachandran statistics

Favored regions (%) 96 94
Allowed regions (%) 3.8 4.9
Outliers (%) 0.37 0.77

Statistics for the highest-resolution shell are shown in parentheses.




Table S2. B17.C1 TCR contacts with H-2D"NP36

B17.C1
NP366 residue TCR gene TCR residues Bond type
Glu4-O¢l- Og2 CDR1a, CDR3p Arg37a- Nn1-Nn2, Serl113p3 VDW, SB
Met6 CDR1B, CDR2pB Asp37B, Gly1098,Thr1158 VDW
Glu7- Oel1-Og2 | CDR3p Argl108B-Nn1-Ng VDW, SB
Thr8- Oyl CDRI1p Asp37p-082 VDW, HB
H2DP residue TCR gene TCR residues Bond type
Glu58-0¢1-0¢2 | CDR1a, FWa Thr28a, Arg86a- Nn1-Nn2 VDW, SB
GIn65-O¢l CDR3a, CDR3p Thr109a-0, Glyl110a-0, | VDW, HB
Asnl11a-O01, His112p3
Lys66 CDRla Arg37a VDW
Lys68 CDR3p His112p VDW
Gly69 CDR3p Thr110B, His112f3 VDW
GIn72 CDR2p Tyr57B VDW
Trp73 CDR2p Tyr57B VDW
Val76 CDR2 Tyr57B, Asp58p, lle64p VDW
Glyl51 CDR3p ArglO8p VDW

VDW: Van der Waals interaction (cut-off at 4 A), HB: hydrogen bond (cut-off at 3.5 A),

SB: salt bridge (cut-off at 5 A).




Table S3. B17.R2 TCR contacts with H-2D"NP3s

B17.R2
Peptide residue | TCR gene TCR residues Bond type
Glu4-O¢l CDR2p Lys59B-NC VDW, HB
Met6 CDR2f I1e60B VDW
Glu7- Oe1-Oe2 | CDR2B, FWp Leu61B, Arg67p-Nn2-Ng VDW, SB
Thr8-N- Oyl CDR2pB, FWJ [1e60pB, Leu61B-0, Asn663- 051 VDW, HB
H2Db residue TCR gene TCR residues Bond type
Glyle CDR3a Thr109a VDW
Leul? CDR3a Thr109a. VDW
Glul8- Og2 CDR3a Thr109a, Ser112a-Oy VDW, HB
Gly69 CDR2f I1e60B VDW
GIn72 CDR2pB, CDR3p | Tyr57B, Leul 108 VDW
Trp73 CDR2f I1e60B VDW
Arg75-Nn1-Nn2 | CDR3a, CDR3B | Serl12a- Oy, Trpl13a, Leul 10-O | VDW, HB
Val76 CDR3a, CDR2B, | Trpl13a, Phe55p, Asn66p, | VDW

FWp, CDR3p Leul10pB
Arg79-Nn1-Nn2 | CDR3a, FWp Alalllo,Trpl13a,GInl14a- Ocl, | VDW,  SB,

Glu68p- Oel1-0g2 HB

Asn80-No2 FWp Asn66B-051 VDW, HB
Ala89 CDR3a Serl10a VDW




GIn77

Tle142 FWB Phe73pB VDW

Argl45-Nn2 FWB Phe73B, Glu74p-O¢l VDW, HB
Lysl46-O-N{ | FWB Arg67p-O- Nn2, Phe73B VDW, HB
GIn149- O¢l FWB Arg67f- Nnl, Phe73p-O-Glu74, | VDW, HB

VDW: Van der Waals interaction (cut-off at 4 A), HB: hydrogen bond (cut-off at 3.5 A),

SB: salt bridge (cut-off at 5 A).




Table S4. Ternary complex statistics compared with other TCR-pMHCI

TCR Peptide/ MHC | BSA | Va | VB peptide | 1o |2a |[3a |FWa |1 [2B (3B | FWB | Kp(uM) | Angle (°)
B17.C1 | H2DPNPs6 1575 |25 |75 33 144 10 7 3.7 13.8 1232 378 |0 >>200 33
B17.R2 | H2DPNPs6 1860 |26.4 | 73.6 | 18.9 0.1 |0 263 |0 0 273 |7.1 (392 |6.34 238
Literature | Average value | 1910 |52 |47.5 |28.9 16 11.6 | 20.3 72 | 119 {239 35 63.2
Smallest value | 1240 |33 |22 17 35 |51 |46 0 0 8.3 0.3 37
Largest value 2400 |78 |67 48.6 28.7 | 19.7 | 34.7 19.2 | 333 | 42 278 90

BSA: Buried Surface Area (A?) total calculated with ArealMol (CCP4), Va: contribution of the a-chain to the TCR BSA in %, VB contribution

of the B-chain to the TCR BSA in %, 1a represent the BSA contribution of the CDR1a loop as a % of the TCR BSA (same for the 2a: CDR2a0,

3a: CDR3a0, 1B: CDR1B, 2B: CDR2p and 3B: CDR3p). The Kp represent the affinity reported in uM, angle represent the docking of the variable

domains angle in degrees. The average, lowest and highest values from the literature are represented in the grey section at the bottom of the

table for an easy comparison (/).
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