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REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

Detailed comments on the ms. titled Catch bond models explain how force amplifies TCR signaling
and antigen discrimination” by Choi et al. (for submission to the authors)

I. Summary

Choi et al. lay out a mathematical approach to predict structural changes as they may occur within
peptide presenting MHC class | and class molecules and their cognate aBTCRs upon complex
formation within the confines of the immunological synapse. The work is inseparably tied the concept
of catch-slip bonds, as they have been first described for stimulatory TCR-peptide/MHC (pMHC)
interactions in 2014 by the corresponding author of this ms.. Based on Kramer’s kinetic rate theory
the authors formulate a rationale, in which they assume a semi-rigid body nature of the TCR-pMHC
complex (which was earlier predicted by the corresponding author via steered molecular dynamics
(SMD) simulations) to calculate extensions of more flexible inter-domain linkers, dissociations of
interdomain contacts, as well as inter-domain rotations under mechanical force. Such force-
dependent structural changes are ultimately projected to create binding conditions under which catch-
slip bonds take effect: force-directed tilting of the interaction surfaces between TCR- and pMHC. This
behavior then serves as an explanation for what the authors term “catchiness”. To validate their
theoretical leads the authors correlate calculated catch-slip bond behavior with force-bond lifetime
plots as they have resulted from carrying out two-dimensional BFP-based force-response assays.
Given observed similarities between predicted and measured “catchiness”, the authors present a
mechanistic explanation of how the phenomenon of catch-slip bonds may allow T-cells to discriminate
antigenic from endogenous pMHCs and also how TCRs are triggered upon extracellular ligand
engagement to transduce signals across the plasma membrane.

Il. Reviewer's concerns

Explaining how T-cell recognition proceeds on a molecular level is without much doubt a task of
colossal proportions. As a reader and reviewer of the ms. | find the presented wealth of intriguing
reasoning refreshing. Most importantly, this reasoning leads to testable hypotheses, which have the
potential to transform our understanding of T cell recognition with palpable implications for clinical
translation, if the validity of these hypotheses holds firm after rigorous wet lab testing.

Unfortunately, the authors refrain from providing direct evidence for the proposed structural changes,
which | consider the central element of their line of thinking. Instead, they base their data validation
entirely on previously reported experiments or simulations, which do not qualify as direct proof. More
specifically, the authors refer to (i) SMD simulations in combination with (ii) experimental findings
derived either from thermo-fluctuation / force-lifetime assays (which are indirect in nature as they
require a number of yet unverified assumptions, e.g. single molecule detection, lack of cellular
changes after repetitive testing on the same T cell), or from (iii) the use of magnetic tweezer-based
force cycles, which give rise to a noisy readout. The latter approach has so far lacked statistical
corroboration, and solid conclusions on force-induced structural changes are hence not yet
supported. Looking at all the evidence provided, | am not convinced of structural changes within the
TCR-pMHC complex upon synaptic bond formation, as other explanations are still possible. My
opinion would change if | were offered clear evidence, such as (single molecule) life cell microscopy
reporting on the deformation of synaptic TCR-pMHC complexes (or TCR or pMHC). For example,
experiments involving intramolecular FRET within pMHC or the TCR could in real time and most
directly confirm the kind of structural changes put forward in the ms..



Yet this direct experimental evidence is so urgently needed to resolve many of the controversies in
the field, which is - unlike what the authors wish to portray - divided into a “catch-slip bond-" and “slip-
bond-camp” and a large group of scientists who do not know whom to believe. What adds to my
concerns is that fact that the authors willfully ignore findings by others that challenge the core of the
catch-slip bond hypothesis or the relevance of catch-slip bonds for TCR-proximal signaling. To name
2 of many examples, there is no mentioning of the (i) bead-based experiments done in laminar flow by
Philippe Robert and colleagues, who failed altogether to directly observe any catch-bond behavior of
5 well-studied TCR-pMHC pairs (PMID: 31315981). (ii) The authors do not cite the force
measurements by Schutz and his team on single TCRs engaging pMHCs or anti-TCR scFVs (PMID:
33947864). These single molecule measurements were conducted within the confines of the area of
contact between T cells and stimulatory planar glass-supported lipid bilayers, and measured forces
amounted to less than 2pN for TCRs bound to bilayer-attached anti-TCR scFV, i.e. 10-times lower
forces than the forces that catch bonds are reported by Zhu and colleagues to require in order to exert
their effect on TCR-pMHC lifetimes. Of note, the force loading rate measured by the Schutz group
amounted to about 1.5 pN/s which renders it highly unlikely to arrive at 10-15 pN forces with the
rather short pMHC-TCR lifetimes measured by means of a BFP (PMID: 24725404), single dye tracing
(PMID: 23840928) or FRET-based recordings (PMID: 20164930).

While these two studies do not necessarily rule out the existence of TCR-pMHC catch bonds or their
relevance for antigen recognition (also in view of much higher force values measured by Salaita’s
team, PMID: 27140637), they certainly need to be reckoned with within the context of his ms.. In
essence, such findings demand that TCR-pMHC catch bonds as well as the structural changes that
may cause them to take effect (as elaborated in this ms.) need to be demonstrated most directly (and
not indirectly which would leave room for alternative explanations) as a means to establish them
beyond doubt as a principle underlying T cell antigen recognition and ligand discrimination.

In the absence of such demonstration and a more balanced description of the current state of findings
the ms. runs the risk of being perceived as “prediction in hindsight”, in particular since its findings are
predominantly based on data gathered by the lab of the corresponding author of this ms.. Also, the
ms. would certainly gain in credibility by establishing data transparency. This may include providing
the means to reproduce the mathematical proceedings and making unprocessed primary data (e.g.
BFP-based experiments, magnetic tweezer experiments) available for download.

Taken together these considerations (lack of direct and clear evidence for structural changes,
overstatements regarding the implications of the findings/results for mechanisms underlying TCR-
based pMHC discrimination and signaling, highly unbalanced description of the state of research)
prevent me from recommending publication of this study in Nature Communications. Given the
emphasis on mathematical modeling, and the effort it takes the average life scientist to understand
the content, the ms. may be more suitable for a more specialized journal targeting physicists or life
scientists with an extensive physics background.

lll. Specific points

1. The ms. is well structured. Overall the figures are clear. See last point (Suggestions).

2. Experimental details (temperatures, constructs) should be indicated more clearly for all listed
experiments. | found myself too often looking these data up in the literature.

3. Confidence intervals or error bars are missing in the following figures: Fig. 1c, e, g, Fig. 2c, d, f, e,
Fig. 3b, Fig. 4c.

4. How do the authors arrive at the demarcation separating Catch-only, Catch to slip and slip-only in
Fig. 1c lower panel?

5. Some of the wording in the Supplementary Information section needs editing.



6. Specific examples of wording which | find problematic

- Title:

“Catch bond models explain how force amplifies TCR signaling and antigen discrimination”

The wording is too strong, as the work provides testable yet untested hypotheses. Changing the title
to “Catch bond models may explain how force amplifies antigen discrimination” or similar would be
more adequate.

- Abstract:

“Central to T cell biology, the T cell receptor (TCR) integrates forces in its triggering process upon
interaction with peptide-major histocompatibility complex (pMHC)”

The wording is too strong and projects an unbalanced view of the current state of data.

“ Phenotypically, forces elicit TCR catch-slip bonds with strong pMHCs but slip-only bonds with weak
pMHCs While such correlation is generally observed...
The wording is too strong / unbalanced and does not capture the current state of ground truth finding.

“The extensive comparisons between theory and experiment allowed us to validate the models and
identify specific conformational changes that control bond profiles, thereby providing structural
insights into the inner workings of the TCR mechanosensing machinery and explaining why and how
force amplifies TCR signaling and antigen discrimination.”

The wording is too strong and overstates the results.

- Introduction:

“Mechanical forces applied to TCR via engaged pMHC substantially increase antigen sensitivity and
amplify antigen discrimination”

¢ A large part of the community will not agree with this strong statement.

“As a fundamental force-elicited characteristic, strong cognate pMHCs form catch-slip bonds with
TCR where bond lifetimes increase with force until reaching a peak, and decrease as force increases
further, whereas weak agonist and antagonist pMHCs form slip-only bonds with TCR where bond
lifetimes decrease monotonically with increasing force.”

¢ There is plenty of evidence challenging these bold statements.

7. Suggestion

If targeting a broad life science readership is the aim, it may be helpful to provide a graphic
explanation of the mathematical reasoning behind model development.

Reviewer #2 (Remarks to the Author):

Review

Choi et al.,

Catch bond models explain how force amplifies TCR signaling and antigen discrimination

In this manuscript, Choi and colleagues develop models for TCR—pMHC complex interactions, and in
particular description of catch-slip bond and slip bond dynamics. The models are robustly tested
across a number of datasets and experimental data is well used to develop key aspects of the

models. The models do provide structural and mechanical insights into TCR interaction behaviors.

Overall, | commend the authors on the amount of model development, rigor (and rigorous testing) and



large-scale testing with multiple unique datasets. However, this reviewer is struggling to figure out
how impactful and unique the new models and findings really are. Without direct comparison to the
“next best” models it is extremely difficult to understand how much of an advance these models really
are in terms of understanding unique aspects of TCR-pMHC mechanobiology. That said, there are
cases where it appears clear that the models are an advance since the assumption is that published
models would not be able to describe the data — however this is not well described by the authors in
most cases. Likewise, the biological implications of the model findings are not robustly presented. For
a general audience such as Nature Communications it would strengthen the work to make it very
clear where the advances are and what new information is being gained. Along those lines, while the
models are very elegant and insightful, the finding don’t bring the title to realization and explain how
force amplifies TCR signaling and antigen discrimination. As such, this leaves a question for the
Editor as to whether or not Nature Communication is the appropriate choice versus a more
specialized journal.

This reviewer does not have any technical concerns from the model formulation, testing, and
application. At times the model development is dense to work through and not particular accessible to
a general audience, but a deep dive into the model reveals it rigor. A few more minor comments: 1)
The justification for the model needs on page 3 is not particularly compelling. It is also not clear why
the authors consider catch-slip bond counterintuitive. When considering many of the key behaviors
addressed in the manuscript they are quite intuitive, 2) as discussed above the implications of the
model findings are not well developed, 3) it is not clear how the authors arrive at 48 datasets. Perhaps
a table with all the datasets and what is being tested would be beneficial, and 4) (very minor), there
are a number of typos and at times model terms are not defined on first mention.

Reviewer #3 (Remarks to the Author):

The authors propose a model of the catch and slip-bonds based on a one-dimensional (1D), single-
well energy landscape, whose mathematical behaviour was developed in a previous publication (Guo
et al.). In this article, the authors apply this model to describe TCR-pMHC complexes, exploit
available data on the bond lifetime vs force relationship to assess how well such a model can explain
it and can predict peptide potency, i.e. the strength of signalling upon TCR binding to a peptide.

In my opinion the work is valuable, the authors have for sure carried out an extensive and thorough
analysis, however | am not convinced about how solid the main claim is, i.e. the claim that the model
explains mechanistically and quantitatively catch-slip bonds in TCR-pMHC complexes. This claim is
supported by the fit to data and by the correlation of 4 parameters (and not kO) with peptide potency.
My main concern (and | think the authors should try to explain this point very clearly) is the rationale
by which one should expect a correlation of 4 parameters (and not k0) with peptide potency and why
instead the absence of this correlation can be taken as a way to select against a certain model. This
correlation to potency (fig. 2f) should be represented by some scatter plot, giving a quantitation of
correlation coefficient and its p-value. In addition, the fitting of models parameters to data is very
unclear to me, it seems to me that the authors simply say ‘The curve-fitting strategies involve varying
one parameter while keeping others constant. For example, ..." | don’t understand this strategy, the fit
of a set of parameters can be done simultaneously. In addition, what procedure was used? Some
mean squared error minimization? How many data were used to fit each parameter? My worry is that
too few data were used, like 1 empirical curve was used to fit 4 parameters (fig 2e,f). It's not clear also
why some of these parameters should be inferred per complex, instead of across complexes, for
example the extension at zero force. This would allow the authors to use more curves to fit 1
parameter only, and in this way they could use some method like a leave-one-out cross validation.

| have then a few remarks in terms of clarity. In general, steps and findings are linked to published
papers, apart from a few instances where | think a bit more explanation is needed, e.g.: 1. the use of



11.6nm as reasonable guess value for the N15 complex; 2. the expressions S8ab are not really
justified. 1 would also move the summary table on the meaning of the different parameters to the
main, it's quite important to follow the discussion.



RESPONSE TO REVIEWER COMMENTS
Reviewer #1:
I. Summary

Choi et al. lay out a mathematical approach to predict structural changes as they may occur within
peptide presenting MHC class | and class molecules and their cognate afTCRs upon complex
formation within the confines of the immunological synapse. The work is inseparably tied the
concept of catch-slip bonds, as they have been first described for stimulatory TCR-peptide/MHC
(pPMHC) interactions in 2014 by the corresponding author of this ms. Based on Kramer’s kinetic rate
theory the authors formulate a rationale, in which they assume a semi-rigid body nature of the TCR-
pMHC complex (which was earlier predicted by the corresponding author via steered molecular
dynamics (SMD) simulations) to calculate extensions of more flexible inter-domain linkers,
dissociations of interdomain contacts, as well as inter-domain rotations under mechanical force.
Such force-dependent structural changes are ultimately projected to create binding conditions under
which catch-slip bonds take effect: force-directed tilting of the interaction surfaces between TCR-
and pMHC. This behavior then serves as an explanation for what the authors term “catchiness”. To
validate their theoretical leads the authors correlate calculated catch-slip bond behavior with force-
bond lifetime plots as they have resulted from carrying out two-dimensional BFP-based force-
response assays. Given observed similarities between predicted and measured “catchiness”, the
authors present a mechanistic explanation of how the phenomenon of catch-slip bonds may allow T-
cells to discriminate antigenic from endogenous pMHCs and also how TCRs are triggered upon
extracellular ligand engagement to transduce signals across the plasma membrane.

We thank the reviewer for carefully reading our manuscript and for providing invaluable comments.
We recognize the significant amount of time and effort that the reviewer must have put in to review
our long, complex, and math-heavy manuscript for which we really appreciate, despite that our views
differ from those of the reviewer’s in several points.

Il. Reviewer’s concerns

Explaining how T-cell recognition proceeds on a molecular level is without much doubt a task of
colossal proportions. As a reader and reviewer of the ms. | find the presented wealth of intriguing
reasoning refreshing. Most importantly, this reasoning leads to testable hypotheses, which have the
potential to transform our understanding of T cell recognition with palpable implications for clinical
translation, if the validity of these hypotheses holds firm after rigorous wet lab testing.

We thank the reviewer for the positive comments regarding the significance of our work.

Unfortunately, the authors refrain from providing direct evidence for the proposed structural changes,
which | consider the central element of their line of thinking. Instead, they base their data validation
entirely on previously reported experiments or simulations, which do not qualify as direct proof. More
specifically, the authors refer to (i) SMD simulations in combination with (ii) experimental findings
derived either from thermo-fluctuation / force-lifetime assays (which are indirect in nature as they
require a number of yet unverified assumptions, e.g. single molecule detection, lack of cellular
changes after repetitive testing on the same T cell), or from (iii) the use of magnetic tweezer-based
force cycles, which give rise to a noisy readout. The latter approach has so far lacked statistical
corroboration, and solid conclusions on force-induced structural changes are hence not yet supported.
Looking at all the evidence provided, | am not convinced of structural changes within the TCR-pMHC
complex upon synaptic bond formation, as other explanations are still possible. My opinion would
change if | were offered clear evidence, such as (single molecule) life cell microscopy reporting on the
deformation of synaptic TCR-pMHC complexes (or TCR or pMHC). For example, experiments involving



intramolecular FRET within pMHC or the TCR could in real time and most directly confirm the kind of
structural changes put forward in the ms.

We respectfully disagree with the Reviewer’s characterization of the wealth of published results from
which we derived our model assumptions and with which we compared our model predictions. These
results were collected from 9 papers by four laboratories — the Cheng Zhu lab of Georgia Tech [1-5]
(plus new data added in this manuscript), the Wei Chen lab of Zhejiang University [6], the Brian Evavold
lab of University of Utah [7-9], and the Matthew Lang lab of Vanderbilt University [10] — totaling 55
bond lifetime vs force datasets of 12 TCRs measured using not only biomembrane force probe (BFP,
by the Zhu, Chen, and Evavold labs) but also optical tweezers (by the Lang lab). Consistent with these
datasets that involve only TCR—pMHC interactions are 48 additional datasets that involve either pre-
TCR-ligand interactions [11, 12] or TCR-pMHC—CD4/8 interactions [4, 5, 8, 9, 13], which also exhibit
either catch-slip bonds or slip-only bonds, although we did not include them in the present paper
because these bonds have different structures. Collectively, these represent the best available
datasets measured using the best existing technologies in the field, which have directly demonstrated
that TCR forms catch-slip bonds with strong ligands but slip-only bonds with weak ligands, therefore
also showing that the TCR catch bonds are not artifacts because slip bonds were also observed using
often the same TCR (or the same pMHC) and same experimental technique, with the only differences
being altered ligands of lower potencies (or mutant TCRs of lower signaling capabilities).

Specifically, we disagree with the reviewer’s statement that the published measurements were
“indirect in nature as they require a number of yet unverified assumptions, e.g. single molecule
detection, lack of cellular changes after repetitive testing on the same T cell”. To the contrary, the
assumption of single molecule detection has been rigorously and extensively validated in the Zhu lab
publications on force-dependent bond lifetimes of TCR—pMHC interactions and of other receptor—
ligand interactions. Importantly, in many of the publications, the Zhu lab employed no less than two
experimental techniques, including not only atomic force microscopy (AFM) and BFP, but also laminar
flow chamber to show catch bonds of selectins [14-16], integrins [17, 18], platelet glycoprotein Ib [19,
20] and Fcy receptor IlA [21] in a technigue-independent fashion. These techniques and results have
been well accepted by the field of single-molecule biophysics.

The possibility that the bond lifetime may be affected by repetitive testing on the same T cell has also
been tested in three ways [22]. In the first two tests, we asked whether bond lifetimes measured in
the present contact cycle were influenced by the outcome of the immediate past contact cycle. Two
outcomes were considered: 1) whether the immediate past contact cycle resulted in a binding event
or not (Fig. R1A) and 2) whether the immediate past contact cycle resulted in a lifetime event or not
(Fig. R1B). In the third test, we asked whether repeated contact cycles on the same T cell would result
in changing bond lifetime over time or
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For these reasons, we respectfully reject the mischaracterizations of our published simulations and
experiments, which we stand by.

Finally, while we appreciate the Reviewer’s suggestion of the intramolecular FRET experiments, our
manuscript describes a piece of modeling work. We understand and accept any requests for us to
provide rationale/justifications for the model assumptions and comparison of the model predictions
with existing experimental/simulation results, which we did extensively, thoroughly, and rigorously.
However, we respectfully submit that it is not reasonable to demand us to perform new experiments
in this modeling paper to further test the model assumptions and predictions, such as the
intramolecular FRET experiments, because it is beyond the scope of the present theoretical work,
which is already quite extensive in its scope.
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That said, we have added in the revised manuscript results from two sets of new mutagenesis studies
to provide further validation of both our class | and Il models, respectively, using mutations located
away from the TCR and pMHC binding interface but capable of impacting their respective
conformational changes under force, which were analyzed by MD simulations, bond lifetime
measurements, and functional assays. These new results are presented in Fig. 3b part of 1% panel, Fig.
5d lower panel, and Fig. 7, which are collectively presented here as Fig. R2.

The first set of studies compared the WT and a hybrid H2-K" that swaps the mouse B.m with the
human 3,m because the latter binds the mouse class | heavy chain with a higher affinity and better
support peptide binding than the former [27]. Since it is easier to make soluble hybrid than complete
mouse H2-K® protein, many of our previous studies used the hybrid H2-K® (Supplementary Table 3).
Surprisingly, T cells kill less efficiently target cells expressing the hybrid H2-K® than the WT molecule
[28]. Our previous study using double-cysteine mutations to lock the oi0,—f32m connection by
disulfate bond suppressed both pMHC conformational changes and its catch bond with TCR
concurrently [6] (Supplementary Fig. 1b, compared the R4 curves in panels 2 and 3). Using SMD
simulations, we observed force-induced dissociation of the ai0.—f.m interdomain bond
(Supplementary Movie 1). We compared MD simulated interactions of H2-K® o chain with mouse .m
(using the crystal structure 1G6R) and human PB.m (using a model built based on 1G6R and 2BNR),
finding that Arg14, Glu232, and Gly237 of the H2-K® o chain respectively interacted with three residues
— Asp34, Lys6, and Tyr67 — of the human Bom but not the corresponding residues of the mouse ;m
(Fig. R2A-C). This indicates that the hybrid H2-K" has a more stable structure and hence less able to
respond to force induction of conformational change than the WT molecule, predicting a less
pronounced TCR catch bond with the same peptide presented by the hybrid than the WT H2-K".
Remarkably, the newly measured force-dependent bond lifetime indeed showed a much more
pronounced catch bond of the 2C TCR with R4 peptide bound to WT than hybrid H2-K® (Fig. R2D),
supporting the prediction of our class | model. Consistent with previous report [28], functional assay
also showed that the WT H2-K® was more able to activate T cells than hybrid H2-K® (Fig. R2E), further
validating the class | model.

The second set of studies examined a hybrid TCR with the mouse 2B4 Va3 fused with the human LC13
Caf3 and 4 double mutations on the C domain, which have been indicated by our previous NMR and
chemical shift experiments [29] and by recently published cryoEM structures [30, 31] to impact its
interactions with human CD3 (Fig. R2F). We performed MD simulations to examine the Cf—CD3 cis-
interactions in the absence (Fig. R2G) and presence (Fig. R2H) of a force to mimic pulling on the Va3
by the engaged K5:I-E (Supplementary Movie 2-4). We found that CP Pro223 is force-stabilizing (Fig.
R2l, top) whereas CP Lys183 and Asn225 are force-destabilizing (Fig. R2l, middle and bottom). These
results suggest that the double mutant N222A/P223A (NP) may result in less stable, whereas
G182A/K183A (GK) and N225A/H226A (NH) may result in more stable, CB—CD3 cis-interactions under
force. Consequently, the NP mutant may put more restriction, whereas the GK and NH mutants may
put less restrictions, respectively, on force-induced conformational changes in the TCRaf than the WT
molecule. Interestingly, NP was identified as a gain-of-function mutation whereas GK, NH and HN (plus
another double mutant H221A/N222A, or HN) were identified as loss-of-function mutations by
functional assays (Fig. R2J) [29]. Supporting the prediction of our class |l model, force-dependent bond
lifetime measurements by BFP indeed showed a more pronounced catch-slip bond of the NP mutant,
less pronounced catch-slip bonds of the GK and HN mutants, and a slip-only bond for the NH mutant,
compared to the WT 2B4 TCR interaction with K5:I-EX (Fig. R2K). Remarkably, the bond profile metrices
(Fig. 5e and Supplementary Fig. 8, blue) and best-fit model parameters (Fig. 5f blue and 5g green) were
found to correlate with T cell function, further validating the class Il model.

Yet this direct experimental evidence is so urgently needed to resolve many of the controversies in
the field, which is - unlike what the authors wish to portray - divided into a “catch-slip bond-” and



“slip-bond-camp” and a large group of scientists who do not know whom to believe. What adds to my
concerns is that fact that the authors willfully ignore findings by others that challenge the core of the
catch-slip bond hypothesis or the relevance of catch-slip bonds for TCR-proximal signaling. To name 2
of many examples, there is no mentioning of the (i) bead-based experiments done in laminar flow by
Philippe Robert and colleagues, who failed altogether to directly observe any catch-bond behavior of
5 well-studied TCR-pMHC pairs (PMID: 31315981). (ii) The authors do not cite the force measurements
by Schutz and his team on single TCRs engaging pMHCs or anti-TCR scFVs (PMID: 33947864). These
single molecule measurements were conducted within the confines of the area of
contact between T cells and stimulatory planar glass-supported lipid bilayers, and measured forces
amounted to less than 2pN for TCRs bound to bilayer-attached anti-TCR scFV, i.e. 10-times lower
forces than the forces that catch bonds are reported by Zhu and colleagues to require in order to exert
their effect on TCR-pMHC lifetimes. Of note, the force loading rate measured by the Schutz group
amounted to about 1.5 pN/s which renders it highly unlikely to arrive at 10-15 pN forces with the
rather short pMHC-TCR lifetimes measured by means of a BFP (PMID: 24725404), single dye tracing
(PMID: 23840928) or FRET-based recordings (PMID: 20164930).

We acknowledge the existence of controversial views in the field regarding whether TCRs would form
catch bonds with some pMHCs and whether T cells exert endogenous forces on TCRs, as reflected in
the two papers cited by the reviewer. Specifically, we are aware of the paper by Philippe Robert and
colleagues [32] but considered their results unreliable because of several technical limitations and/or
misinterpretation of data: i) limited data: only a single TCR (1G4) was studied, and more critically, only
two data points (at 6 and 10 pN) were measured at low forces for all five ligands tested; ii) incorrect
readouts measured by the flow chamber technique; and iii) misinterpreting the inability to find
evidence of existence as evidence of nonexistence.

By comparison, the Chen lab has also studied the same 1G4 TCR and found it FIGURE REDACTED

formed catch-slip bonds with five ligands [6]. Importantly, all these catch

bonds occurred in forces < 10 pN and the authors measured 3-4 points in the
low force regime by the BFP to ensure the catch trends are reliable [6].

As mentioned earlier, the Zhu lab has published extensively studies combining flow chamber with AFM
and BFP on selectins [14-16, 33] and platelet GPlba. [19, 20, 34] that respectively mediate neutrophils
and platelets tethering to and rolling on endothelial cells under flow. In contrast to these relatively
strong interactions, binding of TCR on flowing T cells to pMHC immobilized on the chamber floor is
extremely weak and brief, manifesting as only slight reductions of the velocity of the cells moving
through the flow chamber in a manner that is correlated to the peptide potency [FIGURE REDACTED]
with only a tiny fraction of cells being arrested at the pMHC surface [FIGURE REDACTED]. These
transient interactions are biologically relevant as they induce intracellular calcium after the cells pass
through the pMHC surface [FIGURE REDACTED]. Importantly, the level of velocity reduction
correlates with the level of calcium signal [FIGURE REDACTED)]. Unlike catch bonds of selectins and
GPlba that reduce the magnitude of the velocity of neutrophils and platelets rolling on ligand-coated
surface as shear increases [20, 35], the TCR—pMHC catch bonds reduce the increase in the velocity
Vomnc (relative to the BSA control Vesa) with increasing shear of T cells moving through pMHC surface
[FIGURE REDACTED]. To visualize the TCR—pMHC catch bond in flow chamber, we multiply the
specific reciprocal velocity (1/Vomnc — 1/Vesa) by a characteristic length L to calculate the time required
for the cell to travel through this distance, tc = L(1/Vpmic — 1/Vesa). This tc should be proportional to the
TCR—pMHC bond lifetime because the longer the bond lifetime, the slower the velocity. We found that
this surrogate bond time for the OT-1 TCR—OVA:H2-K® interaction increases with force on a tether
bond until 12.5 pN, and decreases with further increase in force thereafter [FIGURE REDACTED)],
whereas the t. vs force curve of the OT-1 TCR—G4:H2-K® interaction shows a slip bond characteristic
[FIGURE REDACTED]. Both datasets are consistent with what we previously measured by BFP [1].
Note that we used a 50 pl syringe to generate 0.01 ul/min flowrate in a microfluidic channel, yielding




3 data points in the catch bond regime to ensure reliable observation of the catch bond trend [FIGURE
REDACTED].

Apparently, Robert and colleagues measured the duration of arrest from the fraction of beads that
adhered to the chamber floor by the TCR—pMHC interactions as their experimental readout whereas
we focused on the fraction of moving cells [FIGURE REDACTED]. In our opinion, the data by Robert
and colleagues are of much lower quantity and quality than the data we used to test our models in
our manuscript. We would have doubted their data less and discussed the view of the paper cited by
the reviewer [32], if they had included a positive control to show that the absence of catch bonds from
their experiments was not due to technological limitations, which prevented them from detecting
catch bonds. Unfortunately, they did not do that. We note that in a recent biorxiv preprint from Robert
and colleagues, the authors observed a catch bond between the A6 TCR and 7Q pMHC with a much
broader catch bond force regime using their flow chamber technique [36].

We have also noted the discrepant results (2 pN vs. 12-19 pN) of the work cited by the reviewer [37]
and the multiple studies by the Salaita lab and us [4, 38-41], measuring the endogenous forces exerted
by T cells on TCR. The Schutz group used a spider silk peptide-based tension probe [37], whereas the
Salaita lab and us used DNA hairpin-based tension probe [42]. We suspect that the discrepancies may

be due to the different force probes used, which has different force responses.
15

Both probes behave as nonlinear springs but the DNA spring I I
shows much higher level of nonlinearity than the spider silk  ,, 12]pM threshold
peptide. Fig. R4 shows the force-extension curves calculated / /
using an extensible worm-like chain model [43-45], predicting =z ' s
that it would require 4.7 nm of TCR retraction away from the =< 4 .§
force probe functionalized glass surface to generate 12 pN force § 6l | i b

in the spider silk peptide-tension probe, but 9.4 and 9.8 nm, i el o
respectively, of TCR movements to activate the 4.7 and 12 pN 3|/

DNA hairpin-based tension probes, respectively. Consider the j SO
scenario where cells actively apply forces on TCR, which 0 e
depends largely on myosin Il and cytoskeletal components [3]. Extension (nm)

Assuming that a myosin Il molecule could move ~5 nm per step ;'Iﬁ' Egbt'i:géce(r\éfj')e’;tﬁgsgpl/iurﬁ;fp?ésp'tﬂ;

[46] and generate ~3.5 pN force [47], it would require ~3 myosin unzips at 4.7 pN (cyan) and 12 pN (blue).

Il molecules to move a single step synchronously to generate >10 pN force in the spider silk peptide-
based force probe. By comparison, it follows from the DNA force-extension curves that the first 9 nm
of TCR retraction would encounter <3 pN resistance, which can be achieved by a single myosin Il motor
that moves 3 steps, allowing it to recruit 1 or 2 more myosin Il molecules to join force to overcome
the remaining resistance to open a DNA hairpin of 4.7- or 12-pN force thresholds, respectively. This
line of reasoning suggests that the T cells may react differently to the two types of force probes to
generate difference forces.

Perhaps more importantly, the spider silk peptide-based force probes have an analog response where
the peptide extends instantaneously with, and proportional to, force (with the spring constant as the
proportionality constant). This means that if cytoskeleton and motor-powered forces are applied as
periodical brief impulses (which is likely considering how the cytoskeleton and involved motors work),
the FRET signal might have been missed or averaged out over the exposure time. In contrast, DNA-
based tension probes work in a digital fashion, requiring an above threshold force to unfold the hairpin.
Even as an impulse, it would break the hairpin and transform it from the signal-off state to the signal-
on state. Refolding of the hairpin is relatively slow and this property has been taken advantage to use
complementary DNA in solution to lock the unfolded DNA hairpin in the signal-on state [48]. Therefore,
the DNA-based tension probes can capture such events where large but brief forces are applied, which
could have been averaged out or even missed by the spider silk peptide-based FRET probes. We note



that similar discrepancies (a few pN vs. tens of pN) have been reported between the Dunn lab [49]
who used the spider silk peptide-based tension probe and three other labs [41, 50-57] and us [42] who
used DNA-based tension probes. Importantly, TCR forces have been measured using traction force
microscopy [58, 59] and micropattern array detectors [60, 61]. Also, integrin forces have been
extensively studies using these two assays [62, 63]. We further note that traction force microscopy
and micropattern array detectors lack single-molecule sensitivity and hence could only measure
sufficiently large forces, which are consistent with the results obtained using DNA-based force probes
but not spider silk peptide-based force probes. We therefore respectfully submit that our results agree
with a large number of publications and the paper cited by the reviewer [37] is at odds with the general
consensus of the field.

Despite our above opinions, we agree that we should cite and discuss the two papers mentioned by
the reviewer [32, 37], which we have done in the Discussion of the revised manuscript.

While these two studies do not necessarily rule out the existence of TCR-pMHC catch bonds or their
relevance for antigen recognition (also in view of much higher force values measured by Salaita’s team,
PMID: 27140637), they certainly need to be reckoned with within the context of his ms.. In essence,
such findings demand that TCR-pMHC catch bonds as well as the structural changes that may cause
them to take effect (as elaborated in this ms.) need to be demonstrated most directly (and not
indirectly which would leave room for alternative explanations) as a means to establish them beyond
doubt as a principle underlying T cell antigen recognition and ligand discrimination.

We appreciate the reviewer’s acknowledgement that the two studies by Robert and colleagues [32]
and the Schutz group [37] “do not necessarily rule out the existence of TCR-pMHC catch bonds or their
relevance for antigen recognition”. We also agree that TCR-pMHC catch bonds need to be further
studied “to establish them beyond doubt as a principle underlying T cell antigen recognition and ligand
discrimination”. However, we respectfully submit that these experimental studies should be done in
the future, not in the present manuscript, which reports modeling work and hence should be judged
by the models’ own merit.

In the absence of such demonstration and a more balanced description of the current state of findings
the ms. runs the risk of being perceived as “prediction in hindsight”, in particular since its findings are
predominantly based on data gathered by the lab of the corresponding author of this ms.. Also, the
ms. would certainly gain in credibility by establishing data transparency. This may include providing
the means to reproduce the mathematical proceedings and making unprocessed primary data (e.g.
BFP-based experiments, magnetic tweezer experiments) available for download.

The point of a more balanced description is well taken, which has been added to the revised
manuscript. The point of data transparency is also well taken. We have provided extensive
Supplementary Methods that thoroughly describe the derivation of all equations, added detailed data
fitting procedures, and tables summarizing all data used to fit the models and the fitting parameters.
The individual data points for all bond lifetime vs force datasets will be deposited in Github
(https://github.com/Chengzhulab/NCOMMS-22-20167).

Taken together these considerations (lack of direct and clear evidence for structural changes,
overstatements regarding the implications of the findings/results for mechanisms underlying TCR-
based pMHC discrimination and signaling, highly unbalanced description of the state of research)
prevent me from recommending publication of this study in Nature Communications. Given the
emphasis on mathematical modeling, and the effort it takes the average life scientist to understand
the content, the ms. may be more suitable for a more specialized journal targeting physicists or life
scientists with an extensive physics background.



Again, we respectfully and strongly disagree with the reviewer’s characterization of the published
data by us and others supporting the assumptions and predictions of our models. Our rationale has
been presented above, including detailed analyses of the two papers cited by the reviewer. We
agree that we should mention these contradictions to the majority view for a more balanced
presentation, but they should not be the reason for us not to pursue the modeling work presented
here.

l1l. Specific points

1. The ms. is well structured. Overall the figures are clear. See last point (Suggestions).
We thank the reviewer for the positive comment.

2. Experimental details (temperatures, constructs) should be indicated more clearly for all listed
experiments. | found myself too often looking these data up in the literature.

The data were generated by the original experimental papers and were used in the present manuscript
for comparison to our model predictions. Nevertheless, we have added the construct details to the
legends of figures and tables wherever appropriate. All experiments were done at room temperature.

3. Confidence intervals or error bars are missing in the following figures: Fig. 1c, e, g, Fig. 2c, d, f, e,
Fig. 3b, Fig. 4c.

Fig. 1 (new Fig. 2) panes c, e, and g are model-prediction, which are not supposed to have error bars.
The R? values for Fig. 2 (now Fig. 3) panels ¢ and d have already been provided. The catch-bond
intensity values in Fig. 2e and Fig. 3b are defined from each force-lifetime curve as a single value and
hence no error bar. The best-fit n* values in Fig. 2f, middle panel are integers selected based on the
method shown in Supplementary Information (Supplementary Table 2 and the related text), which
has no error bars.

4. How do the authors arrive at the demarcation separating Catch-only, Catch to slip and slip-only in
Fig. 1c lower panel?

We firstly changed one parameter at a time (either the tilting angle 8 or the number of unfolded
amino-acid n*) while keeping other parameters constant to examine how these parameters control
our model behaviors individually (Fig. 2c). This step informed us where in the parameter space the
TCR—pMHC complex has catch-to-slip dynamics. If there is a biphasic transition in extension-change vs
force plot, catch behavior would be observed. For example, in the lower panel of Fig. 2c, solid line in
Set 1 indicates ‘catch-to-slip” while dotted line indicates ‘catch-only’. Moreover, dotted line and solid
line in Set 2 show ‘slip-only’ and ‘catch-to-slip’, respectively. In the “phase diagram” of the parameter
space, the number of amino-acid is integer, thus the demarcation separating catch-only, catch to slip
and slip-only displays a stepwise/discrete pattern (Fig. 2d lower panel).

5. Some of the wording in the Supplementary Information section needs editing.

We have edited in the Supplementary Information in the revised manuscript to increase readability.
6. Specific examples of wording which | find problematic

- Title:

“Catch bond models explain how force amplifies TCR signaling and antigen discrimination”
The wording is too strong, as the work provides testable yet untested hypotheses. Changing the title
to “Catch bond models may explain how force amplifies antigen discrimination” or similar would be
more adequate.



We have revised the title to be: “Catch bond models may explain how force amplifies TCR signaling
and antigen discrimination” based on the reviewer’s suggestion.

- Abstract:

“Central to T cell biology, the T cell receptor (TCR) integrates forces in its triggering process upon
interaction with peptide-major histocompatibility complex (pMHC)”

The wording is too strong and projects an unbalanced view of the current state of data.

As discussed in detail in the preceding responses to the reviewer’s main concerns, it is a majority view
of the field that force plays a role in TCR triggering process. Note that we carefully chose the word
“integrate” instead of “require” and the phrase of “triggering process” instead of just the word
“triggering” to indicate that it is not necessary the initiation step, but a time process during which
force can play a role.

“Phenotypically, forces elicit TCR catch-slip bonds with strong pMHCs but slip-only bonds with weak
pMHCs While such correlation is generally observed...

The wording is too strong / unbalanced and does not capture the current state of ground truth finding.

We stand by this statement based on reasons discussed in detail in the preceding responses to the
reviewer’s main concerns.

“The extensive comparisons between theory and experiment allowed us to validate the models and
identify specific conformational changes that control bond profiles, thereby providing structural
insights into the inner workings of the TCR mechanosensing machinery and explaining why and how
force amplifies TCR signaling and antigen discrimination.”

The wording is too strong and overstates the results.

The comparisons between theory and experiment as well as model validations performed in this paper
are by far the most extensive, which both Reviewers #2 and #3 agreed as stated in their positive
comments (see below). We did identify specific conformational changes that control bond profiles in
the models. These results therefore provide structural insights into the inner workings of the TCR
mechanosensing machinery and explained why and how force amplifies TCR signaling and antigen
discrimination, again, in the models. So what we said were not overstating and not too strong, but are
accurate descriptions of what have been done in the paper.

Note that we did not say the comparisons and validations are complete and finished, hence need no
more in the future. We also did not say that these hypothetical conformational changes have been
fully observed by extensive experiments. We did not say that the structural insights we obtain must
be truth.

Nevertheless, to avoid any confusion, we have revised the statement as follows:

“The extensive comparisons between theory and experiment provided strong validation of the models
and testable hypotheses regarding specific conformational changes that control bond profiles, thereby
suggesting structural mechanisms for the inner workings of the TCR mechanosensing machinery and
plausible explanations of why and how force amplifies TCR signaling and antigen discrimination.”

- Introduction:

“Mechanical forces applied to TCR via engaged pMHC substantially increase antigen sensitivity and
amplify antigen discrimination”



A large part of the community will not agree with this strong statement.

Evidence for this statement has been provided by at least 9 papers [1, 3, 4, 6, 7, 10, 13, 26, 64]. We
are not aware of a single paper that offers evidence that counters this statement. The reviewer cited
a paper by Robert and colleagues that challenges the existence of TCR —=pMHC catch-slip bond [32].
But it has shown by the Schutz group that force improves ligand discrimination by the TCR even in the
case in which the TCR forms slip-only bonds with pMHCs [64]. The reviewer cited another paper by
the Schutz group suggesting the lack of T cell forces on TCR in the immunological synapse [37].
However, this does not negate the statement because, if mechanical forces are applied to the TCR via
engaged pMHC, this would substantially increase antigen sensitivity and amplify antigen
discrimination.

“As a fundamental force-elicited characteristic, strong cognate pMHCs form catch-slip bonds with TCR
where bond lifetimes increase with force until reaching a peak, and decrease as force increases further,
whereas weak agonist and antagonist pMHCs form slip-only bonds with TCR where bond lifetimes
decrease monotonically with increasing force.”

There is plenty of evidence challenging these bold statements.

We stand by this statement for reasons discussed in detail in the previous response to the reviewer’s
main concerns.

7. Suggestion

If targeting a broad life science readership is the aim, it may be helpful to provide a graphic explanation
of the mathematical reasoning behind model development.

This is an excellent suggestion! We sincerely thank the reviewer for this and have added as Fig. 1 a
graphic explanation of the mathematical reasoning behind model development.

Reviewer #2:

In this manuscript, Choi and colleagues develop models for TCR—pMHC complex interactions, and in
particular description of catch-slip bond and slip bond dynamics. The models are robustly tested across
a number of datasets and experimental data is well used to develop key aspects of the models. The
models do provide structural and mechanical insights into TCR interaction behaviors.

Overall, | commend the authors on the amount of model development, rigor (and rigorous testing)
and large-scale testing with multiple unique datasets.

We thank the reviewer for the positive comments and for his/her carefully reading this complex and
math-intense manuscript.

However, this reviewer is struggling to figure out how impactful and unique the new models and
findings really are. Without direct comparison to the “next best” models it is extremely difficult to
understand how much of an advance these models really are in terms of understanding unique aspects
of TCR-pMHC mechanobiology.

The reviewer’s point is well taken. In response, we have employed another model — an existing two-
pathway catch-bond model [65] (Fig. 13, Eq. 4) —that has been applied to the N15 TCR—pMHC systems
by others [10] to analyze the same experimental data. This additional model analysis and the results
have been incorporated into the revised manuscript. In brief, the alternative model also fit all the



experimental force-lifetime datasets with statistically indistinguishable goodness-of-fit compared to
our models (Supplementary Fig. 1 and Fig. 5d). However, neither can this ‘next best model’ distinguish
class | and class Il MHC systems nor do its best-fit parameters correlate with the potency of the TCR
or pMHC for their ability to trigger T cell activation (Supplementary Fig. 6 and Supplementary Table 4),
which our models can do in both counts. These new results strengthen our paper for which we thank
the reviewer.

That said, there are cases where it appears clear that the models are an advance since the assumption
is that published models would not be able to describe the data — however this is not well described
by the authors in most cases. Likewise, the biological implications of the model findings are not
robustly presented. For a general audience such as Nature Communications it would strengthen the
work to make it very clear where the advances are and what new information is being gained. Along
those lines, while the models are very elegant and insightful, the finding don’t bring the title to
realization and explain how force amplifies TCR signaling and antigen discrimination. As such, this
leaves a question for the Editor as to whether or not Nature Communication is the appropriate choice
versus a more specialized journal.

The reviewer’s point is well taken. In the revised manuscript we have better articulated why and how
our models are a significant advance. This is done by benchmarking with the “next best model. We
have also better presented the biological implications of the model findings.

This reviewer does not have any technical concerns from the model formulation, testing, and
application. At times the model development is dense to work through and not particular accessible
to a general audience, but a deep dive into the model reveals it rigor.

We thank the reviewer for the positive comments on the rigor of our work.
A few more minor comments:

1) The justification for the model needs on page 3 is not particularly compelling. It is also not clear
why the authors consider catch-slip bond counterintuitive. When considering many of the key
behaviors addressed in the manuscript they are quite intuitive.

People in the field consider slip bonds intuitive as force is expected to disrupt structure, hence
accelerating bond dissociation and shortening bond lifetime. Catch bonds behave in an opposite way,
decelerating bond dissociation and prolonging bond lifetime. Hence people consider catch bonds
counterintuitive.

2) as discussed above the implications of the model findings are not well developed.
This has been addressed in the revised manuscript.

3) it is not clear how the authors arrive at 48 datasets. Perhaps a table with all the datasets and what
is being tested would be beneficial.

This is a good suggestion. We have added explicit descriptions of these as TCR—pMHC bond lifetime vs
force datasets published to date in 9 papers by four laboratories measured using two different
techniques, including 55 datasets of 12 TCRs and their mutants interacting with corresponding panels
of both classes of pMHCs without coreceptor engagement. These TCR-pMHC bond bonds have been
summarized in Supplementary Tables 3 (class I) and 6 (class Il) along with their best-fit model
parameters.

4) (very minor), there are a number of typos and at times model terms are not defined on first
mention.



We thank the reviewer for pointing this out. We have fixed the typos.

Reviewer #3:

The authors propose a model of the catch and slip-bonds based on a one-dimensional (1D), single-well
energy landscape, whose mathematical behaviour was developed in a previous publication (Guo et
al.). In this article, the authors apply this model to describe TCR-pMHC complexes, exploit available
data on the bond lifetime vs force relationship to assess how well such a model can explain it and can
predict peptide potency, i.e. the strength of signalling upon TCR binding to a peptide.

In my opinion the work is valuable, the authors have for sure carried out an extensive and thorough
analysis, however | am not convinced about how solid the main claim is, i.e. the claim that the model
explains mechanistically and quantitatively catch-slip bonds in TCR-pMHC complexes. This claim is
supported by the fit to data and by the correlation of 4 parameters (and not k0) with peptide potency.
My main concern (and | think the authors should try to explain this point very clearly) is the rationale
by which one should expect a correlation of 4 parameters (and not k0) with peptide potency and why
instead the absence of this correlation can be taken as a way to select against a certain model. This
correlation to potency (fig. 2f) should be represented by some scatter plot, giving a quantitation of
correlation coefficient and its p-value. In addition, the fitting of models parameters to data is very
unclear to me, it seems to me that the authors simply say ‘The curve-fitting
strategies involve varying one parameter while keeping others constant. For example, ..." | don’t
understand this strategy, the fit of a set of parameters can be done simultaneously. In addition, what
procedure was used? Some mean squared error minimization? How many data were used to fit each
parameter? My worry is that too few data were used, like 1 empirical curve was used to fit 4
parameters (fig 2e,f). It’s not clear also why some of these parameters should be inferred per complex,
instead of across complexes, for example the extension at zero force. This would allow the authors to
use more curves to fit 1 parameter only, and in this way they could use some method like a leave-one-
out cross validation.

We thank the reviewer for carefully reading our manuscript and providing valuable comments.

Regarding the concern on the main claim- In response to a comment of Reviewer #2, we used existing
generic two-pathway model to analyze the same datasets. We showed that, whereas the generic
model fits the force-dependent bond lifetime data equally well, neither can it distinguish class | and
class Il MHC systems nor do its best-fit parameters correlate with the potency of the TCR or pMHC for
their ability to trigger T cell activation, which our models can do in both counts. This new finding
further supports our main claim. Nevertheless, we have softened the statement to be “plausible
explanations”.

Regarding why ko was not used as a fitting parameter- It has been noted by us and others that
Excedifferent TCRs have very different peak lifetimes, toeak = to + At, to = 1/ko, At = 0 for slip-only bond
where tyeak OCcurs at F =0, and At > 0 for catch-slip bond where tyea 0Occurs at F = Fope > O (see Fig. 3a).
While comparisons of bond lifetimes at zero force (to) and peak bond lifetimes (tpeak) at optimal force
(Fopt) of the same TCR interacting with different pMHC ligands have generated interesting and useful
information, comparing distinct TCRs with unrelated specificities have not. Examples for this point
have been discussed in our manuscript. Specifically, a recent study reported that a pMHC ligand,
NP3gs:H-2D"P?27% forms catch-slip bonds with TCRs B13.C1 and B17.C1 and induces T cell signaling,
whereas the same pMHC forms slip-only bonds with TCRs B17.R1 and B17.R2 and does not induces T
cell signaling [8]. However, the B17.C1 TCR—NP365:H-2D°?2’% bond was shorter-lived than the B17.R2
TCR-NP366:H-2DPP?27% bond across the entire force range tested. Even at 9.4 pN, which is Fop for the



former with a tpeak = 0.61 s, the latter lived 2.48 s on average, and the longest lifetime of the latter is
to = 2.83 s that occurs at zero force [8]. As discussed in the manuscript, non-dimensionalized relative
parameters work much better for comparison of bond profiles across different TCRs, and ko serves as
a reference time scale for non-dimensionalization, which is why it is not a fitting parameter per se.

Regarding fitting data with four model parameters- It is true that we used models of four parameters
to fit each bond lifetime vs force datasets. We should note that all published catch bond models have
even more parameters (no less than 4 and as many as 10). In the section of 'Model Prediction', we
changed one parameter while keeping the others constant to investigate the model behavior. In curve
fitting, all four parameters were changed simultaneously to search for the minimum of the chi squared
error. Of the 55 datasets analyzed, only one has 4 data points and this dataset shows slip bond; as
such, is governed by two fitting parameters because the other two parameters are nearly zero. All
other datasets have 6-10 data points; therefore, over-fitting is not a problem. We have added this
discussion to Supplementary Model Derivation, A.4. Model applications, curve-fitting strategies, and
biological relevance, of the revised manuscript.

Regarding the correlation to potency- Each bar in Fig. 2f (new Fig. 3e) represents a single value from
fitting the data. Once the fitting parameters are determined by an appropriate n* (total number of
unfolded amino acids) as well as minimum RSS, the error bars of the best-fit parameters (or their
ranges) were calculated from the standard errors of mean of bond lifetimes and the residual matrices.
We have revised Supplementary Fig. 10 to show individual values of RSS and chi-square test for each
model.

Regarding the reviewer’s comment ‘This correlation to potency (fig. 2f) should be represented by
some scatter plot, giving a quantitation of correlation coefficient and its p-value’, we also plotted the
potency of ligand vs the best fitting parameters in OT1 TCR case (in new Fig.3f) showing quantitively
positive correlation. [Since we could not obtain functional data for all TCRs (but their potencies have
been reported qualitatively by previous studies), we plotted correlation of the best-fit parameter vs
the intensity of catch bond instead of functional data.]

Regarding the fitting strategies- We apologize for the lack of details in this section, which have been
described in the Supplementary Model Development, A.4. We have indicated this in the main text of
the revised manuscript.

Regarding fitting the model for data per complex, instead of across complexes- The extensions at zero
force were measured from crystal structures of the TCR-pMHC complexes where they are available,
and the value varies from structure to structure. Different TCR-pMHC complexes also have different
biophysical characteristics (bond profiles) and induce different T cell functionalities. Our goal is to
investigate whether, how, and why the bond profiles and functionalities can be captured by our
models in terms of structural and biophysical parameters. Hence these parameters should be
evaluated for each complex and then be examined across complexes.

| have then a few remarks in terms of clarity. In general, steps and findings are linked to published
papers, apart from a few instances where | think a bit more explanation is needed, e.g.: 1. the use of
11.6nm as reasonable guess value for the N15 complex; 2. the expressions S8ab are not really justified.
| would also move the summary table on the meaning of the different parameters to the main, it’s
quite important to follow the discussion.

We thank the reviewer for these suggestions and we revised the manuscript accordingly.
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REVIEWERS' COMMENTS
Reviewer #1 (Remarks to the Author):

In their revised version Choi et al. have addressed a number of my previous concerns/suggestions.
The wording has been modified in some instances to provide a more balanced view of the current
state of progress. As such, the ms. has improved in readability, both in terms of supporting graphics
and the provision / accessibility of data as well as experimental parameters. The authors have also
included more work, in response to other reviewers of the ms., which strengthens their claims.

While | have not changed my overall position with regard to many of the issues | have previously
raised, | acknowledge the toned-down/ more nuanced wording and the additional experimental
investment which - together with the to be published correspondence between authors and reviewers
- strengthen the main message of this ms.. | am convinced that in its current form, the work by Choi et
al. will be thoroughly studied both inside and outside the TCR-force field.

Most importantly, the presented data create sufficient momentum to challenge current perceptions
and to result in testable hypotheses (e.g. drastic structural changes within MHC class | upon TCR-
engagement). The verdict is still out and future experiments will tell, which is absolutely in line with the
scientific method. | hence welcome publication of the revised version in Nat. Comm., especially if
points 2 and 3 (below) are satisfactorily addressed.

Minor points:

1. | appreciate the data shown in Fig. R1 (of the rebuttal), but they address the concerns in the field
only in part. It would be telling to begin the BFP experiments at high force (e.g. 15 to 20 pN) where
longest bond lifetimes are typically observed, and then dial down the forces gradually to OpN or,
alternatively, dial them up to 28pN. Another approach would be to pick individual T cells for individual
force regimens applied: i.e. measure X cells at OpN, Y cells (different from X) at 5 pN, and so on ... to
avoid any history of previous force encounters.

2. In their 2023 paper, Pettman et al. (PMID: 36484367) observe with the use of laminar flow catch
bonds for the OT1 system (which features unusually short-lived agonist-TCR interactions), yet see
antigen discrimination improved at low force (in essence lower affinity interactions appear to suffer
less from applied forces than higher affinity interactions). This message goes against conclusions of
this ms., and therefore the Pettmann paper should be discussed.

3. The authors may want to cite (ideally in their introduction) evidence for BFP-single molecule
sensitivity for TCR-pMHC interactions, in particular for low affinity TCR-pMHC interactions. If this is
not possible, a convincing explanation could build trust.

Reviewer #2 (Remarks to the Author):

This reviewer commends the authors for the extensive and comprehensive response the Reviewers'
comments. The authors have adequately addressed my concerns and | note that the manuscript is
improved and more accessible. - Paolo Provenzano

Reviewer #3 (Remarks to the Author):

| am happy with the changes in response to my comments.



RESPONSE TO REVIEWER COMMENTS
Reviewer #1:

In their revised version Choi et al. have addressed a number of my previous concerns/suggestions.
The wording has been modified in some instances to provide a more balanced view of the current
state of progress. As such, the ms. has improved in readability, both in terms of supporting graphics
and the provision / accessibility of data as well as experimental parameters. The authors have also
included more work, in response to other reviewers of the ms., which strengthens their claims.

We thank the Reviewer for the positive comments.

While | have not changed my overall position with regard to many of the issues | have previously
raised, | acknowledge the toned-down/ more nuanced wording and the additional experimental
investment which - together with the to be published correspondence between authors and
reviewers - strengthen the main message of this ms.. | am convinced that in its current form, the
work by Choi et al. will be thoroughly studied both inside and outside the TCR-force field.

We agree to disagree, and thank the Reviewer for acknowledging the improvement of the revised
ms..

Most importantly, the presented data create sufficient momentum to challenge current perceptions
and to result in testable hypotheses (e.g. drastic structural changes within MHC class | upon TCR-
engagement). The verdict is still out and future experiments will tell, which is absolutely in line with
the scientific method. | hence welcome publication of the revised version in Nat. Comm., especially if
points 2 and 3 (below) are satisfactorily addressed.

We thank the Reviewer for recommending the publication of our ms..

Minor points:

1. | appreciate the data shown in Fig. R1 (of the rebuttal), but they address the concerns in the field
only in part. It would be telling to begin the BFP experiments at high force (e.g. 15 to 20 pN) where
longest bond lifetimes are typically observed, and then dial down the forces gradually to OpN or,
alternatively, dial them up to 28pN. Another approach would be to pick individual T cells for
individual force regimens applied: i.e. measure X cells at OpN, Y cells (different from X) at 5 pN, and
so on ... to avoid any history of previous force encounters.

If we understand correctly, the type of experiments suggested the Reviewer are called cyclic
mechanical reinforcement (CMR), which may be related to catch bond in some way because it
greatly prolongs bond lifetime, but it is definitely distinct from catch bond. We published the CMR
experiment first in 2013 for integrin asB: interaction with fibronectin using AFM and BFP [1]. The
data suggest that CMR has more to do with force-induced protein conformational change rather
than with cell activation because CMR prolonged bond lifetime much more with purified ectodomain
asP1 protein and native integrin expressed on live cell surface [1]. In a more recently in 2019 paper
we showed CMR in G-actin—G-actin and G-actin—F-actin interactions using AFM [2]. There was no live
cell in that study; only purified proteins were used. The mechanism underlying CMR is not fully
understood but is related to a more general phenomenon we termed force history-dependence,
which we published as early as 2005 on P-selectin [3], 2011 on L-selectin [4], and more recently in
2019 on GPIba, integrin ouiP33, and TCR using BFP [5]. We know via personal communication that
CMR has also been observed in TCR-pMHC interaction using live T cells. Because this privileged



information was provided to us in confidence, we are not at the liberty to disclose these unpublished
results. But we wish to re-iterate that the experiment suggested by the Reviewer would not provide
the results for which he/she wished. Instead, it will bring in a new level of complication beyond the
scope of the present paper.

2. In their 2023 paper, Pettman et al. (PMID: 36484367) observe with the use of laminar flow catch
bonds for the OT1 system (which features unusually short-lived agonist-TCR interactions), yet see
antigen discrimination improved at low force (in essence lower affinity interactions appear to suffer
less from applied forces than higher affinity interactions). This message goes against conclusions of
this ms., and therefore the Pettmann paper should be discussed.

In our Response to Reviewer after the first round of review, we mentioned the Pettman et al. paper
when it was posted in biorxiv as a preprint. Now that it is published we have cited and discussed it in
our paper.

3. The authors may want to cite (ideally in their introduction) evidence for BFP-single molecule
sensitivity for TCR-pMHC interactions, in particular for low affinity TCR-pMHC interactions. If this is
not possible, a convincing explanation could build trust.

In the revised manuscript, we have cited the original paper of Evans et al. in 1995 reporting the
invention of BFP [6] and two papers we published in 2008 and 2017, which specifically address the
technical specifications and suitability of BFP for single-molecule experiment [7, 8].

Reviewer #2:

This reviewer commends the authors for the extensive and comprehensive response the Reviewers'
comments. The authors have adequately addressed my concerns and | note that the manuscript is

improved and more accessible. - Paolo Provenzano

We thank the Reviewer for his kind words and endorsement.

Reviewer #3:
I am happy with the changes in response to my comments.
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