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T-cell recognition of ligands is polyspecific. This translates into
antiviral T-cell responses having a range of potency and specificity
for viral ligands. How these ligand recognition patterns are
established is not fully understood. Here, we show that an
activation threshold regulates whether robust CD4 T-cell activa-
tion occurs following viral infection. The activation threshold was
variable because of its dependence on the density of the viral
peptide (p)MHC displayed on infected cells. Furthermore, the
activation threshold was not observed to be a specific equilibrium
affinity (KD) or half-life (t1/2) of the TCR–viral pMHC interaction,
rather it correlated with the confinement time of TCR–pMHC inter-
actions, i.e., the half-life (t1/2) of the interaction accounting for the
effects of TCR–pMHC rebinding. One effect of a variable activation
threshold is to allow high-density viral pMHC ligands to expand
CD4 T cells with a variety of potency and peptide cross-reactivity
patterns for the viral pMHC ligand, some of which are only poorly
activated by infections that produce a lower density of the viral
pMHC ligand. These results argue that antigen concentration is
a key component in determining the pattern of KD, t1/2 and pep-
tide cross-reactivity of the TCRs expressed on CD4 T cells respond-
ing to infection.

kinetic proofreading T cell receptor

Upon infection, CD4 T cells scan antigen-presenting cells
(APCs) for pathogen-derived peptides displayed on host

MHC class II proteins (pMHCII). If a T-cell–APC encounter
results in intracellular signals that exceed a threshold, naïve CD4
T cells are triggered to undergo clonal expansion and acquire
effector cell functions that help eliminate pathogens (1). Thymic
selection equips mature CD4 T cells with T-cell receptors (TCRs)
that preferentially react with specific foreign antigens bound to
MHCII molecules (2). Despite the focusing of CD4 T-cell re-
activity toward unique ligands, mature CD4 T cells are poly-
specific, capable of being activated by multiple, distinct pMHCII
ligands (3, 4). T-cell polyreactivity can have both beneficial and
detrimental effects during antiviral responses and may allow
pathogen-derived peptides to activate autoimmune disease-in-
ducing T cells (5–7). Thus, understanding how T-cell reactivity
patterns develop has clear implications for vaccine strategies, as
well as for understanding the origins of some immune and
autoimmune-mediated diseases.
The biophysical parameters of TCR–pMHC interactions that

regulate T-cell activation have been studied in vitro and in vivo
(1, 8, 9). Two mechanisms allow pMHC ligands to have a stron-
ger or weaker potency to induce T-cell activation. First, different
peptides may have an enhanced or diminished ability to be
processed, loaded onto to MHC, and presented on the surface of
APC. This can result in peptides derived from the same protein
being displayed at up to 250-fold different densities (10). Second,
pMHC complexes may engage a TCR with different equilibrium
affinities (KD) or binding kinetics. T cells expressing TCRs with
a weaker KD or shorter half-life (t1/2) for the pMHC complex
usually require a higher density of ligand to be activated than do

T cells expressing TCRs with a stronger KD or longer t1/2 (1, 8,
11–19). We and others have also suggested, based on in vitro
assays, that TCR–pMHC interactions with fast on-rates (kon) can
have enhanced ligand potency because of the phenomenon of
TCR–pMHC rebinding, the ability of a single TCR and pMHC
complex to have multiple productive-binding events before dif-
fusing away from each other (20, 21). The probability with which
TCR–pMHC rebinding occurs is dependent on the kon of the
interaction, with a single rebinding event having the effect of
doubling the dwell time of an individual TCR–pMHC inter-
action. The TCR–pMHC confinement-time model suggests ligand
potency is dependent upon an aggregation of half-lives (ta), taking
into account the probability rebinding will occur. Whether the
confinement-time model predicts the clonal expansion of T cells
in vivo has not been tested.
The goal of the studies here was to identify factors that reg-

ulate antiviral CD4 T cells responses. We observed that a T-cell
activation threshold determines whether robust antiviral CD4
T-cell expansion occurs. The threshold value was not set by a
specific equilibrium affinity (KD) or half-life (t1/2) of TCR–viral
pMHC interaction. Rather, it was dependent upon the density of
the viral pMHC displayed on infected cells and correlated with
the confinement time of TCR–pMHC interactions. One conse-
quence of a variable activation threshold is that viral pMHC
presented at a high density can robustly expand CD4 T cells with
a variety of potency and peptide cross-reactivity patterns, some
of which are very poorly represented in CD4 T-cell responses
that are activated by the same viral pMHC presented at a lower
density. These studies demonstrate that the density with which
a viral pMHC is displayed can influence the pattern of KD, t1/2,
and peptide cross-reactivity of the TCR expressed on CD4 T
cells responding to infection.

Results
Vaccinia Viruses Expressing Peptides Fused to IAbβ Are Displayed on
the Cell Surface of Infected APCs at a Higher Density than Peptides
Fused to GFP. Pathogen challenge results in the expansion of T
cells with a range of potencies and different patterns of cross-
reactivity for viral epitopes (22). Because T-cell effector functions
are often dependent upon ligand concentration, we hypothesized
that the density in which a viral pMHC ligand is displayed will
influence T-cell reactivity patterns following infection. To test this
idea, we first constructed two sets of recombinant vaccinia viruses
(Vac) that were expected to display, on infected APCs, different
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densities of viral pMHC complexes. One set expresses the foreign
antigen peptide, 3K, or 3K altered peptide ligands (APLs)
(peptides derived from the wild-type peptide sequence that carry
individual amino acid substitutions) fused to green fluorescent
protein (GFP) (Vac:3K–GFP). The other set expresses the same
3K or APL peptides fused to the carboxyl termini of the MHCII,
IAbβ chain (Vac:IAb

–3K) (Fig. S1 A and B). A comparison of in
vitro T-cell activation experiments indicate that the 3K and 3K
APL peptides are presented at approximately a 100-fold higher
density on the surface of APCs infected with Vac:IAb

–peptide
viruses compared with Vac:peptide–GFP viruses (see Fig. S1 and
SI Materials and Methods for explanation of the analysis).
When C57BL/6 mice were infected with Vac:3K–GFP, a lim-

ited 3K-reactive CD4 T-cell burst size was observed, making the
peptide reactivity pattern of this T-cell response difficult to
quantify. To overcome this limitation, we generated mice carry-
ing the Vβ8.1 TCRβ chain of the IAb

–3K–reactive B3K506 TCR
as a transgene (506β mice). T cells in TCRβ mice express poly-
clonal TCRs and have been used extensively to study the dy-
namics of low frequency CD4 T-cell responses (23, 24).

Vac:IAb
–3K Infections Induce Robust Expansion of CD4 T Cells with

Cross-Reactivity Patterns That are Poorly Represented in Mice
Infected with Vac:3K–GFP. To identify peptide cross-reactivity
patterns that arise in 506βmice following infections with Vac:3K–
GFP and Vac:IAb

–3K, ex vivo splenocytes were challenged to
produce IFNγ in response to titrating amounts of soluble 3K, or
3K APLs that carry amino acid substitutions at the P-1 residue:
P-1A, P-1L, and P-1K (Fig.1 and Fig. S2). 3K APLs carrying
substitutions at the P-1 residue were analyzed because this res-
idue is a TCRα chain contact in several TCR-IAb

–3K cocrystal
structures (25, 26), and 3K-reactive T cells can have different
peptide fine specificities at this residue (27). Although the mag-
nitude of response was greater in Vac:IAb

–3K–infected mice,
both Vac:3K–GFP and Vac:IAb

–3K infection induced a strong
IFNγ response directed at the 3K and P-1A peptides. In contrast,
only Vac:IAb

–3K–infected mice had a robust IFNγ response di-
rected at the P-1L and P-1K peptides. When the IFNγ responses
directed at the P-1A, P-1L, and P-1K peptides are compared with
the response to the 3K peptide in the same mouse, Vac:3K–GFP
infections expand a greater frequency of CD4 T cells that react
with P-1A and underproduce ones that react with P-1L and P-1K,
compared with mice infected with Vac:IAb

–3K (Fig. 1D).
To determine whether Vac:3K–GFP infection caused 3K, P-

1A, P-1L, or P-1K–reactive CD4 T cells to differentially accu-
mulate in secondary lymphoid organs (SLO) other than the
spleen, CD4 T cells from the mesenteric LN, cervical LN, bone
marrow and peripheral blood were tested for the ability to be
stained by IAb tetramers. Consistently, the greatest number of

3K, P-1A, P-1L, and P-1K tetramer-reactive CD4 T cells were
found in the spleen, regardless of the time point (Figs. S3 and
S4). Both Vac:3K–GFP– and Vac:IAb

–3K–infected mice showed
expanded populations of 3K and P-1A tetramer-reactive CD4
T cells on days 6, 8, and 28 postinfection in all SLO analyzed
(Fig. 2 and Figs. S3 and S4). P-1L– and P-1K–reactive CD4 T cells
were strongly expanded on days 6 and 8 postinfection with
Vac:IAb

–3K, and to a lesser extent withVac:3K–GFP. At 28 d
postinfection, expanded populations of P-1L– and P-1K–reactive
CD4 T cells were only found in Vac:IAb

–3K–infected mice.

Vac:IAb
–3K Infections Induce Robust Activation of Medium-Potency

CD4 T Cells. The findings above indicate that P-1L– and P-1K–
reactive CD4 T cells are differentially expanded and maintained
in 506β mice infected with Vac:IAb

–3K versus Vac:3K–GFP. We
hypothesized that the high density of IAb+3K presented on APC
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Fig. 1. Vac:IAb
–3K but not Vac:3K–GFP infection induces robust expansion of IFNγ-producing P-1L– and P-1K–reactive CD4 T cells. Mice (506β) were infected

with Vac:IAb
–3K (A and B), Vac:3K–GFP (C), or Vac:Neg (not shown). The scale of the y axis is the same in both B and C. Eight days postinfection, CD4 T cells

from the mice were tested for the ability to produce IFNγ in response to titrating concentrations of soluble 3K (circles), P-1A (squares), P-1L (triangles), and
P-1K (diamonds). Data are the average of six total mice per group. (D) Comparing the size of the APL response to the 3K response in the same mouse, Vac:3K–
GFP mice expanded a greater percentage of P-1A–reactive IFNγ-producing CD4 T cells (P < 0.01) and a lesser percentage of P-1L– and P-1K–reactive IFNγ-
producing CD4 T cells (P < 0.001) than do mice infected with Vac:IAb

–3K.
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Fig. 2. CD4 T-cell populations reactive to P-1L and P-1K in 506β mice are
poorly expanded and not maintained in the spleens of mice infected with
Vac:3K–GFP. Mice (506β) were infected with Vac:3K–GFP (black bars), Vac:
IAb

–3K (gray bars), or Vac:Neg (white bars). On days 6, 8, and 28 post-
infection, 3K-reactive (A), P-1A–reactive (B), P-1L–reactive (C), and P-1K–re-
active (D) CD4+ CD44+ T cells were quantified by staining with 1 μg/mL MHC
tetramer. Data are the average of four (day 6), six (day 8), or five (day 28)
total mice per group.

Vanguri et al. PNAS | January 2, 2013 | vol. 110 | no. 1 | 289

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1208328110/-/DCSupplemental/pnas.201208328SI.pdf?targetid=nameddest=SF4


following Vac:IAb
–3K infections was able to expand CD4 T cells

with a lower potency for 3K, some of which cross-react with P-1L
or P-1K. To test this idea, ex vivo IAb

–3K, –P-1A, –P-1L, and –P-
1K tetramer-positive CD4 T cells were challenged to produce
IFNγ in response to titrating concentrations of 3K peptide (Fig.
3). IAb

–3K and IAb
–P-1A tetramer-positive cells, isolated from

either Vac:IAb
–3K– or Vac:3K–GFP–infected mice, produced

IFNγ in response to similar concentrations of soluble 3K peptide
(EC50 = 49–71 nM). In contrast, IAb

–P-1L and IAb
–P-1K tet-

ramer-positive cells, isolated from Vac:IAb
–3K–infected mice,

were ∼10-fold less sensitive to soluble 3K peptide (EC50 = 540–
630 nM) (Fig. 3 C and D and SI Materials and Methods). These
data indicate that the P-1L and P-1K cross-reactive CD4 T cells
are medium potency subsets of the 3K response and imply that
the viral pMHC density is a key component for setting the
threshold that regulates robust CD4 T-cell activation.

Ligand Potency and Density Regulates the Threshold for Robust
Expansion of Antiviral CD4 T Cells. To identify how the CD4 T-
cell activation threshold is set, we analyzed the response of two
monoclonal populations of CD4 T cells, B3K506 and B3K508,
following infection in which viruses express different cross-re-
active ligands. In vitro, soluble peptide versions of these ligands
have different potencies to induce B3K508 and B3K506 CD4 T-
cell proliferation. These potencies have been quantified based on
the concentration of soluble peptide that induces half-maximal
proliferation (EC50) (Table S1). For the activation of naïve
B3K508 T cells, the 3K peptide has a strong potency, P5R has
a medium potency and P8R has a weak potency. For the activa-
tion of naïve B3K506 T cells, the 3K, P5R, and P8R peptides all
have a strong potency, whereas P-1A has a medium potency (20).
Naïve B3K508 or B3K506 CD4 T cells (1 × 105) were adop-

tively transferred into C57BL/6 mice and then recipient mice
were virally infected. Because Vac-specific CD4 T cells are
enriched in the spleens of mice infected with Vac (see above), we
focused our experiments on T cells resident in this organ. Vac
that carry medium potency 3K APLs fused to GFP induced
limited accumulation of CD4 T cells 7 d postinfection that is
largely absent on day 28. This is evidenced by the B3K 508 T cells
responding to Vac:P5R–GFP (Fig. 4 A and B, blue solid bar) and

B3K506 T cells responding to Vac:P-1A–GFP (Fig. 4 C and D,
orange solid bar). In contrast, B3K508 and B3K506 CD4 T cells
responding to Vac:peptide–GFP infections carrying stronger-po-
tency ligands (in vitro EC50 values 10- to 30-fold greater) induced
∼100-fold greater expansion and maintenance (Fig. 4 A and B,
red solid bar; and Fig. 4 C and D, green, blue, and red solid bars).
The limited B3K508 and B3K506 T-cell response following

Vac infections that carry medium potency 3K APLs fused to
GFP was not attributable to ignorance of the ligand. B3K508
CD4 T cells responding to Vac:P5R–GFP infections show an in-
termediate expression of CD69 (18 h postinfection), CD25, and
inducible T-cell costimulator (ICOS) (48 h postinfection) (Fig.
S5). Three days postinfection, CD4 T cells responding to Vac:
P5R–GFP infections showed modest proliferation, although they
were less capable of producing IFNγ compared with CD4 T cells
responding to Vac:3K–GFP infections (Fig. S5). The poor ability
to make IFNγ was observed on day 7 postinfection as well, and
they did not become strong producers of Th2 or Th17 cytokines
(Figs. S5 and S6). B3K508 CD4 T cells responding to Vac:P8R–
GFP (a weak potency peptide) also showed a clear, albeit even
more limited, response at early time points postinfection.
Importantly, analysis of the other monoclonal CD4 T-cell

population, B3K506 CD4 T cells, using the identical experimental
setup (for which 3K, P5R, and P8R are strong potency peptides)
indicates that Vac:P5R–GFP and Vac:P8R–GFP infections can
strongly activate CD4 T cells (Fig. 4 and Figs. S5 and S7). These
data indicate that the P5R and P8R peptides are sufficiently
presented following infections to drive a robust CD4 T-cell re-
sponse, demonstrating that there is nothing defective with the
Vac:P5R–GFP and Vac:P8R–GFP viruses. Similar to the B3K508
CD4 T cells responding to Vac:P5R–GFP infections, an in-
termediate activation profile was found for B3K506 CD4 T cells
responding to Vac expressing the medium potency peptide P-1A
fused to GFP (Figs. S5 and S7). Collectively, these data indicate
that CD4 T cells responding to a low density of medium-potency
ligands undergo a partial activation process that begins very early
following infection.
In contrast to the limited activation induced by Vac:peptide–

GFP infections, medium-potency ligands carried in Vac:IAb
–

peptide viruses induced an approximate 100- to 1,000-fold greater

IF
N

CD4

CD4

IF
N

Te
tr

am
er

Te
tr

am
er

IA
b

IA
b -

P-
1A

 
IA

b -
P-

1L
 

IA
b -

P-
1K

 
IA

-3
K 

IA
b -

P-
1A

 

%
 I

FN
 P

os
iti

ve
 

(T
et

ra
m

er
+
 c

el
ls

 o
nl

y)
 

3K Neg 

3K Neg 

Conc. 3K peptide (nM) 

Conc. 3K peptide (nM) 

CD44

CD44

IAb-3K    TETpos 

IAb-P-1A TETpos 

IAb-P-1L  TETpos 

IAb-P-1K TETpos 
%

 I
FN

 P
os

iti
ve

 
(T

et
ra

m
er

+
 c

el
ls

 o
nl

y)
 

b
A B

C

D Fig. 3. Repertoire of 3K-reactive CD4 T cells that
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tency for soluble 3K peptide than do P-1A cross-re-
active CD4 T cells. (A and B) IAb

–3K and IAb
–P-1A

tetramer-positive CD4 T cells from 506β mice infec-
ted with Vac:3K–GFP were analyzed for the ability
to produce IFNγ in response to 1 μg/mL soluble 3K
peptide (A) or titrating amounts of soluble 3K
peptide (B). (C and D) IAb

–3K, –P-1A, –P-1L, and –P-
1K tetramer-positive CD4 T cells from 506β mice
infected with Vac:IAb

–3K were analyzed for the
ability to produce IFNγ in response to 1 μg/mL sol-
uble 3K peptide (C) or titrating amounts of soluble
3K peptide (D). Data are the average of six total
mice per group.
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expansion (day 7) and maintenance (day 28) of naïve CD4 T cells
(compare Fig. 4 A and B, empty and solid blue bars, and Fig. 4 C
and D, orange bars; and Fig. S8). These robustly expanded me-
dium potency CD4 T cells also became strong producers of
TNFα and IFNγ (Fig. S9). The difference in the burst size and
maintenance of CD4 T cells responding to strong potency viral
ligands carried in Vac:IAb

–peptide versus Vac:peptide–GFP,
however, was approximately only 10-fold (Fig. 4 E and F). These
data demonstrated that a sharp threshold regulates the robust
activation of antiviral CD4 T cells that is dependent upon the
potency of the ligand and the density in which it is presented.

TCR–pMHC Confinement Time Predicts the in Vivo Potency of CD4 T-
Cell Recognition of Viral Ligands. Models of T-cell activation sug-
gest that the ligand potency aspect of the threshold could be set
by the affinity (KD), the half-life (t1/2), or the confinement time
(ta) of the TCR–pMHC interaction (1, 12–21, 28). To elucidate
whether these parameters correlate with the antiviral CD4 T-cell
responses, we compared the number of B3K508 and B3K506
T cells expanded by each virus on days 7 or 28 postinfection with
the previously measured TCR–pMHC KD, t1/2, or calculated ta.
Several viral infections were identified in which neither the KD

nor the t1/2 of the TCR–pMHC interaction predicted the size of
the CD4 T-cell response (Fig. 5 A–D). For example, the B3K508
TCR has a similar KD for IAb+3K as does the B3K506 TCR for
IAb+P-1A (Table S1), and yet B3K508 T cells responding to
Vac:3K–GFP infection expand and are maintained at ∼100-fold
greater than are B3K506 T cells responding to Vac:P-1A–GFP
infections (Fig. 4). Additionally, the B3K508 TCR has a similar
t1/2 when binding IAb+P5R as does the B3K506 TCR for IAb+
3K, IAb+P5R, and IAb+P8R. However, B3K506 T cells
responding to Vac:3K–GFP, Vac:P5R–GFP, and Vac:P8R–GFP
infections expand and are maintained at a ∼30- to 100-fold
greater level than are B3K508 T cells responding to Vac:P5R–GFP

infections. These large differences in response are statistically
significant and not likely attributable to experimental variability
(two-sample t test, P < 0.0024 for all pairwise comparisons). In
contrast, interactions with a similar calculated ta (Table S1) (20)
lead to a similar response (P > 0.2 for these comparisons).
To determine for the entire set of responses whether TCR–

pMHC KD, t1/2, or calculated ta best predicts CD4 T-cell
responses in vivo, we used two additional statistical analyses. The
first method used a simple linear regression to determine how
strongly the response correlates with the different parameters
(Fig. 5). The second analysis used a mutual information metric.
This analysis looks for relationships between the dependent and
independent variables without a preconceived idea of what the
relationship is supposed to be, unlike linear regression, which
assumes the relationship is linear (see SI Materials and Methods
for the complete analysis). For example, it would also allow for
an increased ta to be toxic to the response past a certain threshold.
However, the main motivation for using it was that the datasets
appear to be nonlinear, principally around the threshold value.
Instead of using a correlation coefficient, the analysis penalizes
scatter in the data by quantifying the amount of information the
KA, t1/2, or ta provide about the response. Using all methods, we
found that the calculated ta best predicted the day 7 and day 28
response of B3K508 and B3K506 T cells responding to Vac
infections, with the outlier analysis of T-cell responses grouped by
a similar KD, t1/2, or ta proving the most direct evidence.

Discussion
Signaling thresholds control the fate of T cells (2, 8, 9, 28, 29).
Having a signaling threshold ensures that the CD4 T cells that
are activated are sufficiently potent to help orchestrate pathogen
clearance, while avoiding cross-reactive autoimmune responses
(1, 22, 24, 30). The polyclonal T-cell repertoire that is recruited
into the immune response often carries a diversity of specificities
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Fig. 4. Infection of mice with Vac:IAb-linked peptides allows medium-potency ligands to induce massive CD4 T-cell expansion. A total of 1 × 105 CD45.1+

B3K508 (A and B) or B3K506 (C and D) T cells were transferred into C57BL/6 mice and infected with Vac:peptide–GFP (shaded bars) or Vac:IAb
–peptide (white

solid bars) viruses carrying 3K or APL peptides with different in vitro potencies. Recipient mice were analyzed on day 7 (A and C) or day 28 (B and D)
postinfection for the number of B3K508 or B3K506 T cells present within the spleen. For B3K508 T cells, the 3K peptide has a strong potency, P5R has
a medium potency, and P-1A and P8R have a weak potency. For B3K506 T cells, the 3K, P5, and P8R peptides all have a strong potency, whereas P-1A has
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and potencies for the invading pathogens (22). How the activa-
tion threshold set point relates to the biophysics of TCR–pMHC
interactions and the reactivity pattern of CD4 T cells that are
recruited into antiviral immunity is less well characterized.
Polyclonal CD4 T-cell responses to vaccinia infection are

sensitive to ligand density. In vitro, Vac:IAb
–3K infection

resulted in a higher concentration of IAb+3K to be presented by
APCs than Vac:3K–GFP infection. In vivo, Vac:IAb

–3K in-
fection induced a larger 3K-specific CD4 T-cell response than
Vac:3K–GFP infection. Because APC presentation of pMHC in
vivo has a half-life of display (31) and CD4 T-cell responses
are sensitive to the duration of antigen presentation (31–34),
the larger T-cell response following Vac:IAb

–3K infection
may result from a longer duration of antigen presentation, as
well as the higher concentration of ligand presented during
T-cell priming.
Qualitative changes to the T-cell response were also observed

following Vac:IAb
–3K versus Vac:3K–GFP infections. The 506β

mice infected with Vac:IAb
–3K expanded a large population of

IFNγ-producing CD4 T cells that recognized the 3K variant
ligands, P-1L and P-1K. In contrast, Vac:3K–GFP expanded
CD4 T cells with these cross-reactivities very poorly. An in-
creased precursor frequency of CD4 T cells in 506β mice for 3K
and the 3K APLs may allow these lower potency, P-1L and P-1K
cross-reactive CD4 T cells to be expanded following Vac:IAb

–3K
infections, whereas in a completely polyclonal population these
cells would fail to be activated because of some aspect of T-cell
competition (35). However, this need not be the case, because
primary CD4 T-cell responses have a range of affinity, avidity or
potency for the immunizing ligand (36–38). These data argue
that high-density viral pMHC ligands allow CD4 T cells with
lower potencies and, in some cases, different peptide cross-re-
activity patterns to be recruited into the immune response.
The tight threshold that regulates whether B3K508 or B3K506

CD4 T cells undergo robust expansion is set by the potency of
virally expressed peptide ligand and by the density in which it is
presented. Changes in viral ligand density resulted in dramatically
different CD4 T-cell responses to medium-potency ligands, indi-
cating that the potency aspect of the threshold for robust CD4
T-cell activation is not a fixed value. This finding for vaccinia
responses is similar to recent experiments showing that antigen
dose and potency can regulate the transition of T-cell–APC

interactions from brief serial encounters to longer, sustained
interactions that allow full T-cell signaling to occur (39–42). The
sharp potency threshold is also consistent with experiments
suggesting an avidity threshold regulates CD4 T-cell expansion
(24, 31, 43).
CD4 T cells responding to weak and medium potency viral

ligands which did not pass the threshold were not ignorant as
they up-regulated activation markers and underwent limited
proliferation. CD4 T cells activated in vivo by low-potency
ligands can differentiate into T helper 2 (Th2)-phenotype CD4 T
cells (1, 44–46); however, we did not observe this differentiation
pattern. This suggests that the antiviral inflammatory response
can override the ability of low potency pMHC complexes to in-
duce Th2 differentiation. On the opposite end of the spectrum,
T cells responding to a high density of strong-potency ligands can
have attenuated responses that skew toward being of lower
avidity (18, 37, 47, 48). The magnitude of the CD4 T-cell re-
sponses studied here increased with the density and potency of
the ligand displayed, indicating that the critical upper potency
threshold was not surpassed even when the B3K506 CD4 T cells,
which have a strong potency with IAb+3K (in vitro EC50 = 200
pM), were activated following Vac:1Ab

–3K infections.
The B3K508 and B3K506 TCRs engage the series of virally

expressed pMHC ligands with different binding kinetics. This
allowed us to compare how different parameters of the TCR–
pMHC interaction relate to the in vivo potency of ligands. For an
individual clonotype (B3K508 or B3K506 T cells), responses
track with both the KA and t1/2. The threshold for activation
following Vac:peptide–GFP infections was approximately a KA
of ∼4 × 104 (KD = ∼25 μM) and t1/2 ∼0.7 s. The responses of
individual T-cell clonotypes track with both the KA and the t1/2
because the kon for each TCR binding the different 3K APLs
does not significantly change. Thus, changes in the t1/2 resulted in
the commensurate change in the KA. However, when the
B3K508 and B3K506 T-cell responses were compared with each
other, several outlier responses were observed with both the KA
and t1/2. This likely results from differences in the on-rates of the
B3K508 versus B3K506 TCRs for IAb+3K and the APLs. Outlier
responses were not observed when T-cell responses were com-
pared with the confinement time (ta). The confinement-time
model predicts that the potency of a ligand can depend on both
the half-life of the interaction (which controls the duration of
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each individual binding event) and the equilibrium affinity of the
interaction (which influences the number of rebindings before
complete disengagement). For the B3K508 TCR, the on-rate is
slow and ta is determined by the half-life. For the B3K506 TCR,
the on-rate is fast, rebinding can occur and ta is a sum of t1/2
before complete TCR–pMHC disengagement.
Recently, the 2D binding properties of TCR and pMHC have

been directly measured using different techniques (49–51). In each
system, both the kon and koff are strikingly faster than the rates
measured in solution. In one report, in vitro ligand potency corre-
lated with both kon and koff (50), whereas a second group found that
the TCR–pMHC bond lifetime and the bond mechanical strength
correlated with in vitro potency (51). Thus, there is still some dis-
crepancy as to which 2D biophysical measurement best accounts for
ligand potency. Because TCR–pMHC rebinding is proportional to
kon, the observation that 2D kon are much faster than those mea-
sured in solution further emphasizes that TCR–pMHC rebinding
can significantly contribute to ligand potency and, thus, to the re-
activity pattern of antiviral CD4 T-cell responses as well.

Materials and Methods
C57BL/6 and C57BL/6.SJL mice were purchased from The Jackson Laboratory.
Rag1−/− B3K506 and Rag1−/− B3K508 TCR Tg mice have been described
previously (27). TCRβ Tg mice were established by expressing the rear-
ranged B3K506 Vβ8.1 chain using the human CD2 promoter (52). All mice
were maintained in a pathogen-free environment in accordance with-
institutional guidelines in the Animal Care Facility at the University of
Massachusetts Medical School and experiments approved by the institute′s
Institutional Animal Care and Use committee. Peptides were purchased
from the Medical Research Center at National Jewish Medical Center. The
3K peptide is FEAQKAKANKAVD, numbered P-2 to P11; the P-1A peptide is
FAAQKAKANKAVD.

Additional details are provided in SI Material and Methods.
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