










obeyed certain relationships (SI Appendix, Fig. S6). For example,
we found that μ and δ can vary by 1,000-fold provided that μ> δ
and that increases in ϕ can reproduce the phenotypic features
provided that kp decreased proportionally. Using the provided
applet (SI Appendix), we find that bell-shaped dose–response
curves are less pronounced when the condition μ> δ is not satis-
fied. A large variation in the parameters is tolerated because the
phenotypic features are scale-free (SI Appendix).

The KPL-IFF Model Predicts the T-Cell Response to Copresentation of
pMHC Ligands. T cells generally experience mixtures of pMHC li-
gands when becoming activated. Previous studies have shown that
copresentation of an additional pMHC can modulate the T-cell
response in various ways, including both enhancing and inhibiting
T-cell activation (45).
To address the effects of pMHC copresentation, we extended the

KPL-IFF model to include an additional pMHC ligand with dif-
ferent binding kinetics and concentrations (Fig. 5A). We used the
extended KPL-IFF model to predict the T-cell response to a titra-
tion of a lower-affinity ligand in the presence of fixed concentrations
of a higher-affinity ligand (Fig. 5B). As a result of the incoherent
feed-forward loop the model predicted a sigmoidal dose–response
when the concentration of the high-affinity ligand was left of its
peak (K0.025) and a constant response when the concentration of
the high-affinity ligand was right of its peak (J0.025). This is a
direct result of the saturating activating pathway of the incoherent
feed-forward. Surprisingly, the model predicted that T-cell activa-
tion cannot be inhibited by signals induced by the low-affinity ligand

even when the high-affinity ligand is presented at concentrations
that saturate the activation pathway of the incoherent feed-forward.
We confirmed these predictions by stimulating T cells with a titra-
tion of the lower-affinity ligand, 5P, in the presence of fixed con-
centrations of the higher-affinity ligand, 4A (Fig. 5C). As predicted
by the model, the dose–response curves appeared sigmoidal at
lower doses of 4A and largely constant at higher doses, without any
obvious inhibition of T-cell activation by 5P.

Discussion
We have measured the T-cell response to a 1 million-fold variation
in antigen affinity and dose. We found bell-shaped dose–response
curves with a different pMHC (and hence different affinity) pro-
ducing the largest T-cell response at different doses. We show,
without making prior biochemical assumptions and with the con-
straint of parsimony, that the KPL-IFF architecture is the only
model identified able to explain all phenotypic features of the
experimental data. We further confirmed predictions of the model
concerning pMHC copresentation. Remarkably, the KPL-IFF
model can explain the T-cell response to a 1 million-fold variation
in antigen affinity and dose based on a simple pathway architecture
despite the enormous molecular complexity in T-cell signaling.
The present work has uncovered two independent mechanisms that

lead to an optimal pMHC affinity. At low doses (left of the peak) we
find that limited signaling through the TCR allows a single interme-
diate affinity pMHC to dominate the dose–response curve, whereas at
higher doses (right of the peak) a different pMHC affinity produces
the most cytokine as a result of the bell-shaped dose–response curves
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Fig. 4. Systematic analyses of signaling models reveals that the KPL-IFF mechanism is unique. (A) To determine whether other models of equal (or lower)
complexity to the KPL-IFF model (Fig. 3D) are able to produce all phenotypic features we performed a systematic search of 304 network architectures with
three reaction arrows between the receptor states (C0, C1, and C2), Y, and P. The only network architecture that is able to produce all phenotypic features is
the KPL-IFF model (Movie S1). Conversely, (B) the mirrored KPL-IFF, (C) the redirected KPL-IFF, and (D) negative feedback network architectures are unable to
produce the phenotypic features. (E) To determine whether more complex models can reproduce the phenotypic features using mechanisms different from
those invoked in the KPL-IFF model, we performed a systematic analysis of 26,069 network architectures with four reaction arrows between four receptor
states and Y, P, and an additional node X. Both activation and inhibition are considered but for clarity only activation arrows are depicted. We found 274
networks compatible with all phenotypic features but all of these networks relied on the KPL-IFF mechanism (SI Appendix, Movie S2). (F and G) Two rep-
resentative compatible networks show that although the network is more complicated both rely on the KPL-IFF mechanism. (H) As before, negative feedback
in the absence of incoherent feed-forward is unable to produce the phenotypic features. See SI Appendix for computational details.
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produced by the incoherent feed-forward loop. In light of our com-
prehensive data, it is likely that discrepancies between previous studies
were a result of a limited range of tested pMHC affinity and dose.
The model may account for previous work showing a bell-shaped
dose–response in the induction of regulatory T cells (5).
Modified TCRs and CARs often target tumor-associated anti-

gens that are differentially expressed between normal and cancer
cells. Therefore, the antigen dose can be a critical determinant of
successful immunotherapy. As a result of the bell-shaped dose–
response, we find that low-affinity receptors can actually out-
perform high-affinity receptors at high antigen doses. Our model
provides a rationale for optimizing the affinity of therapeutic re-
ceptors based on the target antigen dose, as recently proposed for
a CAR (30). We provide a tool that can be used to examine the
predicted T-cell response for antigens of different affinities pre-
sented at different doses (SI Appendix, Applet S1).

A number of studies have implicated negative feedback in
TCR signaling (6), but we find that negative feedback cannot
explain the phenotypic features of T-cell activation. For example,
negative feedback cannot produce bell-shaped dose–response
curves. We note that our model does not preclude the existence of
signaling proteins with negative effects, such as tyrosine phos-
phatases that can determine, for example, the net rate of TCR
phosphorylation (kp). Negative feedback may be more important
for the short-timescale process of antigen discrimination rather
than the longer timescale process of T-cell activation that has been
the focus of the present study (1, 6).
The limited signaling mechanism is related to previous work

showing that a trade-off between serial binding and kinetic proof-
reading leads to an optimal pMHC half-life (10, 46). Serial binding
of a single pMHC to many TCRs can increase signaling when the
pMHC concentration is low and individual TCRs signal for a limited
period upon binding. Under these conditions longer binding half-
lives can reduce the number of productive TCR engagements (9).
We find that at low doses reduced signaling is only observed when
the TCR/pMHC half-life measured in solution is longer than 1 min
(e.g., low dose of 4A, 5Y, and 8S compared with 9V in SI Appendix,
Fig. S2 B and C). It follows that although limited signaling (and
hence serial binding) may not be critical for physiological TCR-
pMHC interactions, which have half-lives that last seconds, it is
likely to be important for the design of high-affinity therapeutic
TCRs or CARs for T-cell adoptive transfer therapies (25).
The internalization of TCR is known to take place upon TCR

triggering (1, 46) and it can be realized by different mechanisms.
Intracellular signaling induced by activated TCR that leads to
TCR internalization is a form of negative feedback and, as dis-
cussed above, negative feedback cannot explain the observed
phenotypic features. Limited signaling may result from the tagging of
TCR for internalization and explicitly including this internalization,
without incoherent feed-forward, does not lead to bell-shaped dose–
response curves in the steady state (SI Appendix, Fig. S8). The KPL-
IFF model may implicitly be capturing TCR surface dynamics
because directed movement (47) combined with polarized recy-
cling (48, 49) of TCR into the immune synapse may balance with
TCR internalization (46) to maintain the relatively constant TCR
concentration at the immune synapse assumed by the KPL-IFF
model, which is consistent with previous calculations (50). A re-
cent study has shown that changing the pMHC affinity can induce
a program that over a timescale of several days changes TCR
levels (51). The KPL-IFF model can explain their observation that
the higher-affinity ligand induced greater TCR down-regulation if
TCR levels are determined by the output of the KPL-IFF model.
The systematic analyses revealed that a large number of more

complex models can explain the phenotypic features (Fig. 4E).
This illustrates the broad challenge of (i) formulating unique
models based on the known biochemistry and (ii) relating the
unique model we have formulated to the known biochemistry.
Limited signaling may result from modification of the TCR
signalosome, such as ubiquitination (52) and/or its movement
into membrane environments incompatible with signaling [e.g.,
endosomes (46) or microvesicles (53)] (SI Appendix, Fig. S7B).
Kinetic proofreading can be realized by a number of different
molecular mechanisms, such as sequential or random phosphory-
lation of the TCR (54, 55) and/or the recruitment of Lck-associated
coreceptors (56) (SI Appendix, Fig. S7A). The incoherent feed-
forward loop may result from the fact that LAT can both activate
(via Grb2 and SOS) and inhibit (via Dok1/Dok2 and RasGAP) Ras
(7) (SI Appendix, Fig. S7C) or from the observation that the TCR
signalosome, by virtue of being able to associate with both a tyrosine
kinase (ZAP-70) and a tyrosine phosphatase (SHP-1), can produce
incoherent signals (2). Additionally, the positive and negative arms
of the incoherent feed-forward may represent two pathways that
converge to regulate cytokine production. Future work is required
to map the known biochemistry onto the KPL-IFF architecture.
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Fig. 5. The KPL-IFF model predicts T-cell activation in response to copre-
sentation of pMHC ligands. (A) Schematic of signal integration by two dis-
tinct populations of pMHC ligands in the context of the KPL-IFF model.
(B) The model predicts that a titration of a low-affinity ligand (k1

off = 1 s−1) in
the presence of a fixed concentration of a high-affinity ligand (k2

off = 0.001 s−1)
will be either sigmoidal or constant when the concentration of the high-
affinity ligand is left of its peak (purple, cyan, and green) or right of its peak
(orange, brown, and red), respectively. Appreciable inhibition by the low-affinity
ligand is not predicted evenwhen the activating pathway has saturated. (C) T-cell
activation as measured by supernatant IL-8 released by Jurkat T cells in response
to a titration of 5P (lower-affinity ligand) at the indicated fixed concentrations of
4A (higher-affinity ligand). The fixed concentration of the higher-affinity ligand is
indicated and labeled on the x axis as colored circles. Data are representative of
two independent experiments. See SI Appendix for computational details.
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The systematic search for parsimonious models that can repro-
duce phenotypic features of cellular activation, without prior bio-
chemical assumptions, produces signaling pathways with tractable
architectures. Just as subatomic details (e.g., nuclear structure) are
not necessary for atomic molecular dynamics simulations, we argue
that the correct description of signaling pathways may not require
detailed biochemical knowledge of individual proteins. These pre-
dictive pathway models provide a mechanistic understanding of the
modular network components required to integrate input signals
from the cell surface into cellular activation outputs. Although they
do not include full molecular detail, they offer an intuitive frame-
work upon which biochemical information can be mapped, which
has so far been elusive with reductionist approaches.

Materials and Methods
Protein Production and Surface Plasmon Resonance. HLA-A*02:01 heavy chain
(residues 1–278) with C-terminal BirA tag and β2 -microglobulin were
expressed as inclusion bodies in Escherichia coli, refolded in vitro in the
presence of the relevant NY-ESO-1156−165 peptide variants (SI Appendix,
Table S1), and purified using size-exclusion chromatography. All peptides
were purchased at >95% purity (GenScript). Purified pMHC was biotinylated
in vitro by BirA enzyme (Avidity). The α and β subunits of the c58c61 (Clone
113) high-affinity 1G4 T-cell receptor (27) were expressed in E. coli as in-
clusion bodies, refolded in vitro, and purified using size-exclusion chroma-
tography as described previously (17).

TCR–pMHC binding affinity and kinetics were measured by surface plas-
mon resonance using a Biacore 3000 (GE Healthcare) as previously described
(17). Briefly, biotinylated pMHCs were coupled to the CM5 surface by co-
valently coupled streptavidin with a target immobilization level of 250 re-
sponse units (RU) to minimize mass transport effects. The TCR analyte was
diluted in HBS-EP running buffer and injected over the surface at 37 °C using
a flow rate of 30 μL/min. Running buffer was injected for 4 h before the TCR
injection when measuring interaction that relies on a long dissociation phase
(i.e., high-affinity interactions) to ensure that baseline drifts were minimal.

The off-rate (koff) was determined by fitting a one-phase exponential
decay to the dissociation trace,

Y = ðY0 −Y∞Þe−kofft +Y∞,

where Y0 and Y∞ are the initial and long-time asymptotic RU, respectively.
The mean koff across concentrations was used to determine kon. When the
kinetics were such that the association phase could be resolved in time (i.e.,
sufficiently slow koff) we fit the following one-phase exponential association
to the association trace:

Y =
½TCR�Bmax

½TCR�+Kd

�
1− e−kobt

�
,

where kob = kon½TCR�+ koff. We note that for high-affinity interactions where
the dissociation trace lifetime was >15 min only a single concentration of
TCR was used. Injection of multiple TCR concentrations is possible using the
single-cycle kinetic mode but we found that these produced several in-
complete association traces resulting in larger variability in kon between
experiments. We note that multiple analyte concentrations are particularly
critical to determine the stoichiometry of the interaction. When the kinetics
were such that the association phase could not be resolved in time (i.e., fast
koff) we fit the following Langmuir binding equation to the steady-state
response units to obtain an estimate for Kd:

Yss =
½TCR�×Bmax

Kd + ½TCR� ,

where Yss is the steady-state RU. The on-rate is determined using
kon = koff=Kd. All data fitting was performed in Prism (GraphPad).

Production of Lentivirus for Transduction. HEK 293T cells were seeded into
175-cm2 flasks 24 h before transfection to achieve 50–80% confluency on the
day of transfection. Cells were cotransfected with the respective third-gen-
eration lentiviral transfer vectors and packaging plasmids using a standard
PEI (polyethylenimine) transfection protocol as follows. The medium was
replaced with serum-free DMEM. Transfer vector and the packaging plasmid
mix (17.5 μg of pRSV-rev and pMDLg/pRRE as well as 6.8 μg of pVSV-G) were
diluted in 400 μL of serum-free DMEM and a dilution of 112 μg PEI in serum-
free DMEM was prepared in another tube. Both were mixed vigorously and

incubated at room temperature for 20 min. The mixture was added drop-
wise to the cells, which were then incubated at 37 °C in 10% CO2 for 4–5 h.
Afterward, the medium was replaced with complete medium. The super-
natant was harvested and filtered through a 0.45-μm cellulose acetate filter
24 h later. Lentiviral particles were concentrated using Lentipac Lentivirus
concentrator (GeneCopoeia) according to the manufacturer’s protocol.

Transduction of Jurkat T Cells. The Jurkat E6.1 T-cell line expressing the NFAT/
AP-1 luciferase reporter and CD8α (57) were transduced with the c58c61 TCR.
To do this, 3 million cells were resuspended in 2 mL of concentrated virus fol-
lowed by centrifugation at 2,095 × g for 1–2 h. The cells were incubated at 32 °C
for 3.5–6 h and then cultured at 37 °C in 10% CO2 in DMEM supplemented with
10% (vol/vol) FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin.

Isolation and Transduction of Primary T Cells. Peripheral blood mononuclear
cells (PBMCs) were isolated from healthy donor blood by density gradient
centrifugation: Blood collected in heparinized tubes was diluted 1:2 with PBS,
carefully layered onto Ficoll-Paque in 50-mL tubes and spun without brake at
400 × g at room temperature for 30 min. The PBMCs were collected from the
interphase, spun at 520 × g for 5 min, and washed once with PBS.

CD8+ T cells were isolated from PBMCs using the Dynabeads Untouched
Human CD8 T Cells kit (Life Technologies) following the manufacturer’s in-
structions. Briefly, PBMCs were resuspended in isolation buffer (0.1% BSA
and 2 mM EDTA in PBS), blocked with FBS, and unwanted cells were labeled
with an antibody mix (containing biotinylated antibodies for human CD4,
CD14, CD16, CD19, CD36, CD56, CDw123, and CD235a). Subsequently, the
PBMCs were washed and incubated with streptavidin-coated Dynabeads.
The suspension was resuspended thoroughly with isolation buffer before
the tube was placed into a magnet. The supernatant containing “un-
touched” CD8+ T cells was collected. This process was repeated twice and the
supernatants were combined.

The isolated CD8+ T cells were spun at 520 × g for 5 min and resuspended
at a concentration of 106 cells per mL in completely reconstituted DMEM,
supplemented with 50 units/mL IL-2 and 106 CD3/CD28-coated Human
T-Activator Dynabeads (Life Technologies) per mL. Cells were cultured at
37 °C in 10% CO2 overnight.

The next day, 106 purified primary human CD8+ T cells in 1 mL of medium
were transduced with 1 mL of concentrated virus supplemented with 50
units of IL-2. The cells were cultured at 37 °C in 10% CO2 and the medium
was replaced with fresh medium containing 50 units/mL IL-2 every 2–3 d.
CD3/CD28-coated Dynabeads were removed on day 5 after lentiviral trans-
duction and the cells were characterized and used for experiments once the
populations expanded to adequate sizes.

T-Cell Stimulation. Streptavidin-coated 96-well plates (Sigma-Aldrich) were
washed two times with PBS 0.05% Tween followed by one time with PBS.
Plates were incubated at 37 °C with PBS and 1% BSA for 1 h. Serially diluted
pMHCs (in PBS) were transferred to the plates and incubated at 4 °C for
90 min (volume of 100 μL per well). Plates were washed three times with PBS
following incubation. Plates were always prepared in pairs so that one plate
could be used for the stimulation assay and the other to determine the levels
of correctly folded plate-immobilized pMHC.

T-cell stimulation assays were performed by first washing and resus-
pending the cells in culture media without IL-2. T cells were then added at
50,000 cells per well in a volume of 100 μL. Plates were spun at 9 × g (4 min)
and then incubated at 37 °C in 10% CO2 for the required stimulation time.

Concentrations of supernatant cytokines were determined using com-
mercially available ELISA kits following manufacturers’ protocols: OptEIA
IFN-γ (555142; BD Biosciences) and second Generation Ready-Set Go! Kits
(Ebioscience) for MIP-1β (88-7034-88) and IL-8 (88-8086-88). Measurement of
AP1/NFAT activity in Jurkats was performed by lysing cells using ONE-Glo
Luciferase substrate (E6110; Promega) for 5 min before luminescence was
read using a PherastarPlus plate reader (BMG Lab Tec). Data were corrected
for background luminescence using unstimulated cells.

Levels of active plate-immobilized pMHCs were measured on the second
plate using mouse anti-human HLA class I antibody (Clone W6/32, 14-9983;
Ebioscience) in combination with fluorescent secondary goat anti-mouse IgG
IRDye 800CW antibody (926-32210; LI-COR). Fluorescence measurements
were performed with the Odyssey Imaging system (LI-COR). A Hill function
was fit to the fluorescence over the initial pMHC concentration (in micro-
grams per milliliter) to determine the EC50 for each pMHC using Prism. The
pMHC concentrations in the functional assays were modified to reflect dif-
ferences in the immobilization EC50 as follows: log[pMHC]corrected = log
[pMHC] + (log(ECindex

50 ) − log(EC50)) where the 9V pMHC ligand served as
the index.
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Flow Cytometry Assays.
Intracellular cytokine staining. T-cell stimulation was performed as described
above except that 50 μL of medium supplemented with Brefeldin A (2.5 μg/
mL final concentration) was added to the respective samples followed by
spinning at 520 × g for 5 min before returning the cells to the incubator for
another 2 h (primary T cells, 4-h total stimulation) or for another 3 h (Jurkat
T cells, 8-h total stimulation).

After stimulation, cells were spun at 520 × g for 5 min and resuspended
with 2 mM EDTA in PBS. After an additional spin, the cell pellets were fixed
by resuspension in 50 μL per well 4% (vol/vol) formaldehyde in cold PBS at
4 °C (10 min). Fixed cells were washed with PBS, spun down at 520 × g for
10 min, and resuspended in 100 μL per well permeabilization buffer [PBS
with 2% (wt/vol) BSA and 0.1% Triton X-100]. After 10 min at 4 °C, cells were
spun at 520 × g for 10 min and resuspended in permeabilization buffer
containing the respective antibody (E8N1 APC-conjugated IL-8 antibody or 4S.
B3 AlexaFluro647 conjugated IFN-γ antibody; BioLegend) for 20 min at 4 °C.
After washing twice with PBS (520 × g for 10 min), cells were resuspended in
100–150 μL PBS per sample and transferred into FACS tubes for analysis.
Jurkat cells had to be spun before the transfer to mitigate cell losses.
Annexin V assay. Jurkat T cells were stimulated as described above except that
100,000 cells were used per well. After 16 h of stimulation, cells were removed
first by gently pipetting them out of each well and second by washing each
well with PBS. Cells were transferred to 1.5-mL tubes and washed two times
with PBS. Cells were resuspended in annexin-V buffer (10 mM Hepes, pH 7.4,
140 mM NaCl, and 2.5 mM CaCl2) at a concentration of 1–5 ×106 cells per mL.

Cells were stained with PE-Annexin-V (556421; BD Biosciences) at a con-
centration of 5 μL per 100 μL cells and incubated at room temperature in the
dark for 15 min. After washing twice with PBS, samples were ready for
flow cytometry.
c58c61 T-cell receptor expression. 5 × 105 T cells per sample were washed with
PBS in FACS tubes (3 mL, 5 min at 520 × g) and stained with high-affinity 9V
pMHC (7 μg/mL; 200 μL per sample) for 30 min. Subsequently, they were
washed with PBS and stained with R-PE-conjugated streptavidin (STAR4A,
1:100; 200 μL per sample; AbD Serotec) for another 30 min. After washing
twice with PBS, samples were ready for flow cytometry.

All flow cytometry was performed using a FACSCalibur (BD Biosciences)
with at least 10,000 cells. All analysis was performed using the software
FlowJo (TreeStar).
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