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Cumulative T-cell receptor signal strength and ensuing T-cell re-
sponses are affected by both antigen affinity and antigen dose. Here
we examined the distinct contributions of these parameters to CD4
T-cell differentiation during infection. We found that high antigen
affinity positively correlates with T helper (Th)1 differentiation at
both high and low doses of antigen. In contrast, follicular helper T
cell (TFH) effectors are generated after priming with high, intermedi-
ate, and lowaffinity ligand. Unexpectedly, memory T cells generated
after primingwith very low affinity antigen remain impaired in their
ability to generate secondary Th1 effectors, despite being recalled
with high affinity antigen. These data challenge the view that only
strongly stimulated CD4 T cells are capable of differentiating into the
TFH and memory T-cell compartments and reveal that differential
strength of stimulation during primary T-cell activation imprints
unique and long lasting T-cell differentiation programs.
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Following infection, T-cell receptor (TCR) interactions with
foreign peptide/MHC (pMHC) drive the rapid clonal ex-

pansion and differentiation of T cells into distinct effector sub-
sets specialized against different classes of microbes. An early
bifurcation in CD4 T-cell responses results in the generation of
T helper (Th)1 effectors, which regulate innate cell microbicidal
function and follicular helper T (TFH) cells, which migrate to B-cell
follicles to regulate germinal center (GC) responses and antimi-
crobial antibody production (1). After pathogen is cleared, T cells
undergo a contraction phase during which the majority of effectors
die by apoptosis, leaving behind a population of long-lived memory
cells to provide protection upon subsequent reinfection. The de-
cision to differentiate into Th1 and TFH lineages appears to occur
very early in the immune response (2, 3). Initial T-cell priming by
dendritic cells (DCs) is sufficient to induce fate-committed Th1 and
TFH cells as early as 3 d after infection, whereas maintenance and
further expansion of the TFH compartment depends on T-cell
interactionswithB cells (2). Similarly, memory T-cell differentiation
occurs very early after infection and is critically dependent on B-cell
interactions for optimal priming (4, 5). Importantly, CD4 T-cell
differentiation is coupled to division, and unlike CD8 T-cell dif-
ferentiation, requires constant antigen recognition (6, 7).
Although the strength of TCR–pMHC interactions has been

shown to directly modulate T-cell expansion and clonal domi-
nance within the Th cell compartment (8, 9), how this influences
CD4 T-cell fate is not well understood. Cumulative TCR sig-
naling can be influenced by both antigen affinity and antigen
dose (10). In terms of proliferation, higher antigen dose can
compensate for lower antigen affinity to some extent, but several
reports have shown independent effects on T-cell responses both
in vitro and in vivo (10–12). These data indicate that antigen
affinity and antigen dose may promote qualitatively distinct TCR
signals. Recently, modulation of the overall TCR signal by
varying either TCR affinity or antigen dose was shown to in-
fluence the pattern of effector T-cell differentiation, with higher
affinity ligands or higher antigen dose promoting TFH generation

(13–15). However, another study examining high and low avidity
CD4 T-cell responses during viral infection found significant
differences in Th1 but not TFH generation (16). Sustained TCR–
pMHC interactions have also been shown to promote memory
T-cell differentiation, which is associated with increased TCR avidity
(17, 18). These studies, however, have focused on the development
of the Th1 memory compartment, which is phenotypically and
functionally distinct from the TFH memory compartment (19, 20).
Thus, although strong TCR signals resulting from high antigen af-
finity or high antigen dose can clearly affect the extent and quality of
T-cell differentiation, whether or not T cells can discriminate these
signals, and how this contributes to T-cell differentiation during in-
fection, has not been determined.
To address this question, we infected mice with varying con-

centrations of Listeria expressing either high or low affinity
antigens for the TCR. By normalizing the degree of proliferation
induced by high and low affinity antigens we were able to discern
distinct influences of antigen affinity and antigen dose on Th cell
differentiation. We observed a strong positive correlation be-
tween antigen affinity and Th1 differentiation that occurs early
and is dose independent. Importantly, high antigen dose does not
compensate for the low efficiency of Th1 differentiation induced by
low affinity antigen. In contrast, early TFH effector generation was
observed after priming with high, intermediate, and low affinity
antigen, but was not maintained at later time points under con-
ditions of low antigen dose. In addition, we found that T cells ac-
tivated by either high or low affinity antigen are equally capable of
memory T-cell differentiation. Surprisingly, memory T cells gen-
erated by either low antigen affinity or low antigen dosemaintained
their biased effector lineages following recall activation with high
affinity antigen. These data indicate that differential strength of
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stimulation during primary T-cell activation can imprint unique and
long lasting T-cell differentiation programs.

Results
Establishing the TCR Ligand Affinity Hierarchy. Several models have
been proposed to explain the sensitivity of TCR recognition of
pMHC. The receptor occupancy model uses the affinity of the
TCR for pMHC (KD) to predict ligand affinity, whereas the kinetic
proofreading model suggests that ligand affinity is dependent on
the half-life (t1/2) of TCR–pMHC interactions (10, 21–23). A recent
variation of this model suggests that serial rebinding of pMHC
results in an aggregate half-life of TCR binding (ta), that can allow
antigens with fast on-rates to activate T cells more strongly than
their t1/2 would predict (24). To study the effect of TCR ligand
affinity on CD4 T-cell activation, we used B3K508 TCR transgenic
T cells, which are specific for an H-2Ab bound peptide FEAQ-
KAKANKAKAVD (3K). The KD, t1/2, and ta values for 3K and
a panel of single amino acid substitutions 3K variants have been
previously established (Fig. S1A) (24, 25). Although we use the
term “affinity” to indicate the strength of TCR–pMHC inter-
actions, the strength and hierarchy of the ligands used in our study
is independently reflected by all three biophysical parameters.
Importantly, these ligands have equivalent binding to H-2Ab but
differ in their ability to stimulate B3K508 TCR transgenic T cells
(24, 26). The thymic selection potential of 3K and its variants was
recently assessed using fetal thymic organ culture (27). The ligands
3K, P5R, and P2A induced strong negative selection of developing
B3K508 thymocytes, while the ligand P-1A elicited only partial
thymocyte deletion (Fig. S1A). To further evaluate the affinity of
these ligands, we compared CD69 expression on thymocytes and
peripheral B3K508 T cells activated with 3K or variant ligands and
confirmed that the affinity hierarchy remained consistent between
the thymus and the periphery (Fig. S1 A and B). To examine the
effect of TCR affinity on CD4 T cells responding to infection, we
generated recombinant Listeria monocytogenes (Lm) strains
engineered to express the 3Kor a 3K variant peptide. All of the Lm
strains were capable of inducing B3K508 T-cell expansion in vivo
and a direct correlation between the number of B3K508 T cells
recovered and the affinity of the priming variant was observed (Fig.
1A). However, unlike CD8+ T cells responding to threshold ligand
in vivo (28, 29), B3K508 T cells activated by threshold ligand P-1A
exhibited only minimal expansion (Fig. 1A), indicating that CD4 T
cells may be more tightly regulated than CD8+ T cells in the pe-
riphery. Importantly, the extent of T-cell proliferation can be
influenced by both antigen affinity and the amount of available
antigen (pMHC dose), both of which can be further linked to the
acquisition of effector function (30). To better discriminate the
independent effects of ligand affinity on T-cell differentiation,
we established the dose of high affinity 3K activation that
elicits roughly similar expansion as low affinity ligand P2A, at
both early and later time points after infection (Fig. 1B). To

generate consistent levels of inflammation, mice infected with
low dose Lm.3K were also infected with wild-type bacteria not
expressing 3K.

Antigen Affinity Influences the Pattern of Effector T-cell Differentiation.
Infection results in the generation of two distinct effector pop-
ulations. Th1 effector cells express high levels of the transcription
factor T-bet, produce IFNγ, and are important for inducing mac-
rophage microbicidal function (1). TFH cells express low levels of
the surface marker Ly6c (20) and high levels of the chemokine
receptor CXCR5, which directs T-cell migration to the B-cell
areas of lymphoid structures where they provide signals to enhance
B-cell antibody secretion (1). TFH cells expressing high levels of
PD-1 and the transcription factor Bcl6 further migrate into B-cell
germinal centers where they drive B-cell affinity maturation (31),
whereas TFH cells that express low levels of PD-1 and intermediate
levels of Bcl6 are suggested to be precursors to central memory
cells (3, 31). To understand how ligand affinity affects CD4 effector
T-cell differentiation, we examined the phenotype of B3K508 T cells
responding to infection with high affinity Lm.3K or low affinity
Lm.P2A. At day 6 after infection with high dose Lm.3K, B3K508
T cells exhibited heterogeneous effector differentiation with both
Th1 (CXCR5−T-bethigh) and TFH (CXCR5+T-betlow) populations
readily identifiable (Fig. 2A and Fig. S2A). T-bethigh cells expressed
high levels of the surface marker Ly6c (Fig. 2B), while CXCR5+
TFH cells down-regulated Ly6c expression (Fig. 2C). Despite un-
dergoing significantly less expansion, low dose infection with high
affinity Lm.3K also resulted in the generation of Th1 and early TFH
effectors. However, consistent with previous reports (13, 15), se-
lectively decreasing antigen dose while keeping the level of in-
flammation constant was not sufficient to maintain high levels of
PD-1 within the CXCR5+ compartment (Fig. 2D). In contrast,
B3K508 T cells responding to low affinity P2A expressed lower
levels of T-bet within the CXCR5− compartment, while differen-
tiation into both PD-1+ and PD-1− CXCR5+ subpopulations was
unimpaired (Fig. 2 A and D). Importantly, at day 8 after infection,
TFH cells generated after P2A activation expressed comparable or
higher levels of Bcl6 and TFH signature cytokines IL-21 and IL-4 as
3K generated TFH effectors (Fig. S2B andC). In addition, B3K508
T cells responding to the P5R variant, which has an affinity inter-
mediate to 3K and P2A (Fig. S1A), demonstrated an intermediate
phenotype with decreased Th1 differentiation compared with high
affinity 3K activation (Fig. S3A). In terms of cell numbers, 3K ac-
tivation induced two- to threefold more Th1 effectors compared
with P5R activation, while the number of TFH effectors was only
marginally increased (Fig. S3 B andC). These data indicate a strong
correlation between the accumulation of Th1 effectors and antigen
affinity. In contrast, differentiation into the TFH compartment
can occur in response to very weak, intermediate, and high
affinity ligands.

T-cell Proliferation and IL-2 Activation. Early after infection, a bi-
furcation of IL-2Rαhigh and IL-2Rαlow populations can be ob-
served (2, 3). IL-2Rα signals are required for the differentiation
of Th1 effector cells, whereas inhibition of IL-2Rα signals pro-
motes TFH development (32). To address the possibility that
decreased IL-2Rα expression on low affinity activated T cells
precedes their failure to up-regulate T-bet, we examined T cells
at early time points after infection. After 2 d, both high dose and
low dose 3K-activated T cells expressed higher levels of IL-2Rα
and produced more IL-2 (Fig. 3A and Fig. S4 A and B). In
contrast, T cells activated by low affinity P2A antigen expressed
lower levels of IL-2Rα and produced less IL-2 despite having
undergone a similar degree of proliferation as low dose 3K-
activated T cells. Three days after infection, T cells activated with
3K expressed high levels of T-bet, while the majority of P2A-
activated T cells had low levels of T-bet (Fig. 3B and Fig. S4D).
T cells activated with intermediate affinity antigen P5R had an in-
termediate phenotype with decreased early expression of IL-2Rα
and T-bet (Fig. S3 C–E). Importantly, the generation of early (IL-
2RαlowCXCR5+) TFH effectors was independent of antigen affinity
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Fig. 1. Establishing the TCR affinity hierarchy. (A and B) Ten thousand naïve
B3K508 T cells were transferred into CD45.1 congenic mice followed by in-
fection with Lm.3K or Lm.variant strains. Low dose Lm.3K infection in B cor-
responds to 105 cfu. Mean number of B3K508 T cells recovered from spleen
and lymph nodes over the first 8 d of infection. Data represent n ≥ 3 for each
data point and are representative of two independent experiments.
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and could be observed under all conditions (Figs. S3C and S4C).
T cells activated in vitro demonstrated a similar correlation between
antigen affinity and early IL-2 and T-bet expression at a wide range
of antigen doses (Fig. S5). In contrast, T cells activated in vitro with
low affinity antigen expressed more Bcl6, possibly due to decreased
production of IL-2, which can negatively regulate Bcl6 expression
(33). Indeed, blocking IL-2 in vitro led to further increased Bcl6
expression in low affinity activated T cells, particularly at antigen
concentrations where IL-2 production was evident (Fig. S5). Taken
together, these data reveal that antigen affinity is key to setting the
early Th1 differentiation potential, whereas TFH differentiation
is minimally impacted.

Location and Function of TFH and Th1 Effector Cells Generated by Low
Affinity Ligand. Following infection, Th1 effector cells migrate to
splenic T-cell zones and red pulp, and TFH effector cells are
sequestered in the B-cell follicles (1). To determine the location
of CD4 T cells activated by high or low affinity ligands we ana-
lyzed frozen splenic sections by immunofluorescence microscopy.
At day 6 after infection, T cells activated by high dose 3K ligand
were identified in all three splenic areas (Fig. 4A). T cells acti-
vated by low dose 3K were predominantly located in splenic T-
cell zones and were less abundant in B-cell areas (Fig. 4A),
consistent with their decreased expression of PD-1. Consistent
with high expression of TFH markers, P2A activated T cells were
predominantly observed in splenic B-cell zones or at the B-cell–
T-cell area border, although a reduced proportion could also be
detected in the red pulp and T-cell zones (Fig. 4A). Although it is
possible that Th1 effectors generated after low affinity activation
emigrate prematurely from lymphoid organs, we did not observe
a higher proportion of these cells in the splenic red pulp, a major
site of T-cell trafficking to the blood. As the primary function of
TFH effector cells is to help B cells, we also examined TFH helper
function. TFH cells generated after Lm.3K or Lm.P2A infection
were sorted based on high expression of CXCR5 and PD-1 and
transferred into CD3e−/− mice that had been s.c. immunized with
3K-OVA one day earlier. At day 6 after transfer, both 3K and
P2A generated TFH effectors maintained high expression of
CXCR5 and PD-1 and induced GC B cells in CD3e−/− mice
(Fig. 4B and Fig. S6 A and B). Although the proportion of GC

B cells was slightly lower in mice transferred with P2A compared
with 3K-generated TFH effectors, GC B-cell numbers correlated
with the absolute number of TFH isolated at the time of harvest.
These data indicate that TFH effectors generated by low affinity
activation are capable of providing help to B cells. However,
given the significantly lower number of effectors generated under
these conditions, low affinity TFH cells are likely have a more
limited impact on immune responses in an intact animal. To ex-
amine Th1 effector cell function in these differentially immunized
populations, we analyzed IFNγ and IL-2 expression by B3K508
T cells isolated at day 6 after infection. The 3K-activated T cells
had a high frequency of cytokine producers, while T cells acti-
vated with decreasing antigen affinity had fewer IFNγ and IL-2
producers, consistent with lower expression of T-bet (Fig. 4C and
Fig. S3G). These data indicate that although low affinity activa-
tion results in a decreased proportion of Th1 effectors, the func-
tion of these cells is normal. T cells activated by low dose 3K also
had a decreased proportion of IL-2+ responders compared with
high dose 3K activation, but nevertheless remained competent to
produce IFNγ.

Memory T Cells Generated by Low-Affinity pMHC–TCR Interactions
Exhibit Distinct Recall Properties. CD4 memory T-cell differentia-
tion is suggested to be driven by the strength of TCR signaling
during the primary response (17, 18). However, CXCR5+ T cells
present at early time points after infection have also been
suggested to be precursors to the long-lived central memory T-cell
compartment (3). As low affinity P2A activation resulted in
efficient differentiation of CXCR5+ CD4 T-cell effectors, we
wondered if low affinity interactions were sufficient to generate
long-lived memory T cells. Similar to 3K-activated T cells, P2A-
activated T-cell numbers peaked at ∼5–6 d after infection fol-
lowed by a rapid contraction phase between days 6 and 25 (Fig.
S7A). P2A-activated T cells underwent less contraction compared
with high dose 3K-activated T cells, and both populations could be
identified in the long-lived memory T-cell compartment. Unlike
polyclonal memory T cells, which have been shown to differen-
tiate into distinct T-bethighCXCR5− and T-betlowCXCR5+ pop-
ulations (3), the majority of B3K508 memory T cells had high
expression of CXCR5 regardless of the nature of their primary
stimulation (Fig. S7B), possibly due to the intrinsic nature of the
B3K508 TCR (15). However, 3K memory T cells generated by
both high and low antigen doses had higher overall expression
of T-bet and a larger proportion of Ly6chighT-bethigh cells, while
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P2A memory T cells had an approximately threefold lower pro-
portion of Ly6clowT-betlow cells that were mostly confined to the
CXCR5+ compartment (Fig. S7B). Both CXCR5+T-betlow and
Ly6clow memory T-cell subsets have been suggested to belong to
the central memory compartment and have an increased ability to
further differentiate following a recall infection (3, 20, 34). To
determine whether recall capacity differed between 3K memory
T cells and P2A memory T cells, mice were given a secondary in-
fection with Listeria expressing high affinity 3K ligand. Four days
after secondary infection, almost all high dose 3K memory T cells
were T-bethighLy6chigh and approximately half of the T cells had
down-regulated CXCR5 expression (Fig. 5A and Fig. S7C). Low
dose 3KmemoryT cells also demonstrated a strongT-bethighLy6chigh

bias, although a significant proportion of T-betlowLy6clow cells
were also present (Fig. 5 and Fig. S7C). Surprisingly, P2Amemory
T cells further down-regulated T-bet and Ly6c expression, and
had a larger proportion of CXCR5+T-betlo cells, despite receiving
a high affinity secondary stimulation (Fig. 5 and Fig. S7C). These
data indicate that memory T cells generated by low affinity acti-
vation remain impaired in their ability to up-regulate T-bet, despite
receiving a high affinity recall stimulus. Recall responses follow-
ing infection with recombinant vaccinia virus expressing 3K ligand
showed a similar trend, with a higher proportion of P2A memory
T cells expressing low levels of T-bet and Ly6c compared with 3K
memory T cells (Fig. S8). Consistent with its intermediate priming
affinity, P5R memory T cells generated an intermediate propor-
tion of Th1 and TFH effectors (Fig. S9). Of note, memory T cells
generated after weak priming by low dose Lm.3K and Lm.P2A
expanded much more than memory T cells generated by high
dose Lm.3K (Fig. S7D), indicating an inverse relationship be-
tween the magnitude of the primary and secondary responses.
Taken together, these data show that robust and strikingly bi-
ased recall responses can be generated following primary in-
fection with low antigen affinity versus low antigen dose, and
suggest that a differentiated recall capacity is imprinted during
the primary response.

T Cells Activated by Low Affinity Antigen Depend on B Cells for
Differentiation. The observation that low affinity activation is suf-
ficient to induce memory T-cell differentiation was unexpected,
because decreased functional avidity has been previously corre-
lated with a failure to differentiate into the memory compartment
(17). In the previous study, however, mice were infected with a

virulent strain of Listeria that results in lower antigen presentation
by B cells, weak TFH generation, and decreased serum antibody
titers. Given that both TFH and CXCR5+ memory T-cell differ-
entiation depends on B-cell antigen presentation (3, 35), we
wondered if P2A activated T cells could differentiate and survive
long term in the absence of B cells. To examine this, the differ-
entiation of B3K508 T cells in B-cell deficient (mb1-cre) mice was
assessed. At day 6 after infection, B3K508 T cells activated with
either Lm.3K or Lm.P2A in B-cell–deficient hosts underwent less
expansion compared with B3K508 T cells activated in wild-type
controls (Fig. S10A). T cells activated with high dose Lm.3K had
a higher proportion of Th1 effectors (Fig. 6) and a higher mean
fluorescence intensity (MFI) of T-bet (Fig. S10B), suggesting that
B cells may play a role in limiting Th1 differentiation. In contrast,
T cells weakly activated with either low dose Lm.3K or Lm.P2A in
B-cell–deficient hosts had a lower T-bet MFI compared with
priming in wild-type hosts (Fig. S10B), indicating that B cells are
required for both optimal expansion and T-bet expression in re-
sponse to weak TCR stimulation. At late time points after in-
fection, memory B3K508 T cells were nearly undetectable in
B-cell–deficient hosts infected with either Lm.3K or Lm.P2A (Fig.
S10C), indicating that B cells are critically required for the optimal
generation of B3K508 T-cell memory. However, upon secondary
infection with Lm.3K, T-bethigh memory T cells could be recovered
from all B-cell–deficient hosts, with the greatest number of sec-
ondary effector T cells generated by high dose 3K memory T cells
(Fig. S10 D and E). These data demonstrate that T cells activated
by low affinity antigen are critically dependent on B cells for
differentiation into both TFH effector and memory T-cell
compartments.

Discussion
The experiments presented here underscore the importance of
TCR affinity in directing Th cell fate. We found that T cells
activated by increasing affinity ligands undergo more T-cell ex-
pansion and increased Th1 differentiation. In contrast, TFH dif-
ferentiation and memory T-cell generation is not limited by antigen
affinity and can occur in response to very weak, intermediate, and
high affinity activation. Our results were unexpected in light of
previous reports that increased TCR signal strength results in en-
hanced TFH cell and memory T-cell generation (15, 17). However,
the complex relationship between T-cell expansion and differentia-
tion makes it difficult to discern the potentially distinct contribu-
tions of pMHC affinity and pMHC dose in these studies. By
normalizing the degree of proliferation induced by high and low af-
finity ligands, we observed distinct influences onT-cell differentiation
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Fig. 4. Function and location of low affinity activated T cells. (A) Splenic
sections were stained for B220 (red) to identify B-cell zones, F4/80 (blue) to
identify red pulp area, and CD45.2 (green) to identify B3K508 donor T cells.
Percentage of B3K508 T cells located in the indicated areas at day 6. (B) Th1
and TFH cells were sorted from infected mice and transferred into CD3e−/−mice
immunized 1 d earlier with 3K-OVA and alum. GC B-cell numbers correlate
with TFH cell numbers. (C) Intracellular cytokine production was assessed by
flow cytometry. Data represent n ≥ 3 mice per group and at least two in-
dependent experiments.
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during an infection. Regardless of antigen dose, high affinity antigen
induced efficient Th1 differentiation, whereas low affinity antigen did
not. Despite impaired Th1 differentiation, however, low affinity ac-
tivated T cells were able to up-regulate TFH-associated surface
markers, home to splenic B-cell areas, and were capable of providing
help to germinal center B cells in an adoptive transfer model. Im-
portantly, however, strong stimulation conditions, which induce the
most T-cell expansion (i.e., high dose of high affinity antigen), result
in the highest number of TFH effectors that are likely to provide
more help to B cells. Although our model allows us to track very
low affinity antigen-specific T-cell responses, studying a mono-
clonal population has inherent limitations and cannot address the
relative impact of low affinity T-cell responses in a polyclonal set-
ting, where low affinity T cells might make a greater contribution
to antigen-specific responses (discussed further below) (36).
Our data support a model in which CD4 T-cell fate di-

versification begins at the earliest stages of naïve T-cell priming
with DCs. T cells activated by high affinity antigen at both high
and low antigen doses differentiate into distinct IL-2Rαhigh and
IL-2Rαlow populations that are likely to be the precursors to Th1
and TFH effectors, respectively (37). These data indicate that the
early generation of Th1 and TFH effectors is dose independent.
In contrast, the early generation of Th1 effectors is strongly
linked to antigen affinity. T cells activated by low affinity ligand
demonstrate impaired Th1 differentiation as early as 3 days after
infection, while the induction of early (CXCR5+IL-2Rαlow) TFH
effectors occurs normally. TFH generation is thought to be a two-
step process with early differentiation initiated by T-cell–DC
interactions followed by a maintenance phase that is dependent
on T-cell–B-cell interactions. Although we observed early TFH
induction under all conditions, T cells activated by low antigen
dose had a decreased proportion of TFH effectors at later time
points after infection. The PD-1high TFH compartment, believed
to contain germinal center TFH cells, was particularly affected,
indicating the importance of antigen dose for sustained T-cell
help to B cells (13, 15). One possible explanation for this is that
low antigen dose results in decreased antigen availability during
the maintenance phase of TFH differentiation. It is plausible that
increased T-cell competition for limited amounts of antigen
might inhibit late phase TFH expansion, resulting in a higher
proportion of Th1 effectors. Of note, ongoing interactions be-
tween T and B cells at the peak of infection with lymophocytic
choriomeningitis virus were recently shown to result in multiple
rounds of TFH cell proliferation, while Th1 cells were largely re-
fractory to stimulation at this later time point (37). These data
suggest that temporal requirements for antigen may allow anti-
gen dose and antigen affinity to set different thresholds for TFH
development. B cells have also been suggested to play an active
role in suppression of the Th1 response, which may be an al-
ternate way in which they promote TFH generation (16). Our
observation that T cells activated with high dose 3K in the ab-
sence of B cells express higher levels of T-bet support these
findings.
In a study published last year, the aggregate dwell time (ta) of

an antigen was suggested to be a better predictor of Th differ-
entiation than antigen affinity (15). The authors reported that
antigens with increased ta values (2.8 and 3.1 s) supported

greater accumulation of TFH effectors, whereas an antigen with
an intermediate ta value (2.3 s) supported maximal Th1 differ-
entiation. Similar to our study, the authors also observed TFH
generation in response to antigens with lower ta values. Although
our results are largely in agreement with this study, it is possible
that we do not see maximal Th1 differentiation with intermediate
strength ligand because the ta value of the intermediate ligand in
our study (0.9 s) is much lower than the intermediate ligand used
in ref. 15 (2.3 s). Alternatively, small differences in the experi-
mental systems, such as the number of transferred precursors or
the time point of analysis might play a role. Tubo et al. (15)
analyzed differentiation at day 7 after infection, which might not
account for differences in the expansion and/or survival of Th1
and TFH effectors. For example, high antigen doses have been
shown to induce more activation-induced cell death, particularly
in Th1 effectors, which might in turn elevate the proportion of
Th1 effectors at later time points (38).
An important but unresolved issue is how TFH differentiation

can be supported by both strong and weak TCR signals. One
possibility is that high and low affinity antigens are permissive for
TFH differentiation at the level of IL-2 signaling. Strong TCR
signals have been shown to transiently block IL-2R signaling,
whereas weak TCR signals result in less IL-2/IL-2R expression
(39). Both of these conditions would be permissive for Bcl6 up-
regulation and TFH generation, which are negatively regulated by
IL-2 (3, 32, 33). Of note, high affinity TCR signals have been
shown to promote more stable T-cell contacts with antigen-
presenting cells (APCs) compared with low affinity TCR signals
(10). These data suggest that longer T-cell–APC contacts are
required for the accumulation of signaling intermediates that
facilitate IL-2 expression and Th1 differentiation. Long T-cell–
APC contacts are also required for the induction of asymmetric
cell division (28), which might lead to the generation of IL-
2Rαhigh and IL-2Rαlow daughter cells that subsequently differ-
entiate into Th1 and TFH effectors. In contrast, low affinity
antigens that induce shorter T-cell–APC contacts might still
support the accumulation of signaling intermediates required for
TFH differentiation.
Importantly, our data also reveal that T cells activated by low

affinity ligand can give rise to long-lived memory T cells capable of
undergoing robust recall responses. Several studies demonstrated
a relationship between CXCR5+ T cells present at early time
points after infection and memory T-cell generation (3, 19, 20, 37).
Consistent with this, low affinity activation supports both pre-
dominant differentiation of CXCR5+ T-cell effectors as well as
memory T-cell development. Surprisingly, memory T cells gener-
ated by low affinity activation demonstrate a bias toward TFH
phenotype upon recall, whereas memory T cells generated by high
affinity activation are biased toward a Th1 recall response. By
comparing memory T cells generated after priming with either
high dose/low affinity or low dose/high affinity antigen, our data
additionally show that T cells with a similar history of primary
expansion have a similar capacity to expand during secondary in-
fection, independent of effector lineage. These data are consistent
with a recent report showing an inverse correlation between pri-
mary T-cell expansion and memory T-cell development (40).
To date, efforts to understand the contribution of low affinity

antigens to polyclonal CD4 T-cell responses have been limited by
the use of tetramers for the identification of antigen-reactive T
cells. In addition to the observation that various peptides can
bind MHC-II molecules in different registers, a recent study
using a 2D binding assay showed that low affinity T cells, below
detection with MHC-II tetramer, are present at a greater fre-
quency and comprise approximately half of the effector cytokine
response compared with tetramer positive cells (36). Thus, the
contribution of low affinity CD4 T cells to immune responses is
likely to be underestimated. Although our model reveals effi-
cient TFH generation in response to high, intermediate, and low
affinity ligand, there is a clear impact of antigen affinity on the
number of effectors that can be generated. These data raise the
question: To what end is the propagation of a low avidity T-cell
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response useful? Our data suggest the possibility that low affinity
T cells might be particularly relevant to host protection against
chronic pathogens or pathogens that are able to vary their an-
tigenic motifs. In the case of chronic infection, resistance to
exhaustion (41) coupled with a bias toward TFH differentiation
might position low affinity T cells to provide help to B cells
producing protective neutralizing antibody responses. Alterna-
tively, the preservation of low affinity CD4 T cells in the memory
T-cell compartment might confer broader host protection to
pathogens such as influenza, which undergo frequent antigenic
drift. Thus, understanding the cellular and molecular mechanisms
by which low affinity antigens contribute to and shape immune
responses has important implications for enhancing T-cell clonal
diversity, boosting B-cell responses, and improving long-term
protection against reinfection.

Materials and Methods
Mice. All animal work was approved by the Cantonal Veterinary Office of the
City of Basel. See SI Materials and Methods.

Infections. Recombinant ActA-deficient L. monocytogenes [Lm] stably
expressing 3K or variant ligands were generated following established

protocols. For detailed L. monocytogenes preparation, see SI Materials
and Methods.

Immunofluorescent Microscopy. See SI Materials and Methods.

Purification of T Cells, Adoptive Cell Transfer, and Cell Labeling. See SI Mate-
rials and Methods.

Flow Cytometry. All samples were analyzed on BD FACSCalibur or BD Fortessa
cytometers. See SI Materials and Methods.

Analysis of TFH Function. See SI Materials and Methods.

Data Analyses. Flow cytometry data were analyzed with FlowJo software
(Tree Star). Graphs were prepared with Prism 6 (GraphPad Software) using
the unpaired two-tailed Student t test.
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