CD8 T cell competition for dendritic cells in vivo
is an early event in activation
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immunodominance

T

he T cell repertoire is extremely broad and contains randomly generated T cell receptors (TCRs) that can potentially
react with a wide variety of peptide epitopes derived from
foreign proteins. However, in response to immunization or
infection, the T cell response quickly focuses on a small number
of epitopes derived from the antigen, despite the fact that the
antigen may have hundreds of potential epitopes, each of which,
given individually, is capable of being recognized by T cells. This
phenomenon is known as immunodominance and likely serves to
ensure that the resources of the immune system are mobilized
economically against foreign invaders (1). It would be useful in
some instances to overcome the effects of immunodominance
and invoke a broader T cell response. In the case of vaccines, it
would be desirable to elicit a CD8 cytotoxic T cell response
against several pathogen- or tumor-derived antigens with a single
vaccine. For tumor immunity, such a strategy would obviate the
need for identifying antigens expressed in a particular patient’s
tumor and provide a hedge against the tumor losing expression
of that antigen caused by selective pressure. However, a combination of CD8 epitopes in a single vaccine has been shown in
some cases to result in reduced reactivity compared with separate immunizations (2, 3). Immunodominance is therefore a vital
consideration in the design of vaccines, and the relevant mechanisms must be better understood.
There are several mechanisms of immunodominance that take
place at almost every level of antigen processing, presentation, and
recognition by T cells. For T cell clones of the same specificity,
direct competition for peptide兾MHC complexes is well documented (4–9). We and others have shown that CD8 T cells of
different specificities also compete with each other, (2, 6, 7, 10, 11).
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0605130103

For example, work on the conventional B6 CD8 T cell response to
BALB.B minor histocompatibility antigens identified responses
against dominant epitopes that could ‘‘interfere’’ with the response
to subdominant epitopes (10, 11). The response to these subdominant epitopes was restored either in the absence of the dominant
response or if the dominant and subdominant epitopes were
presented on separate antigen-presenting cells (APCs). Competition between T cells of different specificities has not been observed
in all systems tested, however, and its existence is therefore controversial (4, 12, 13). This competition appears to occur at the level
of the APC, because it does not occur if the antigens are presented
by separate APCs. In contrast, CD4 T cells of different specificities
do not appear to compete for APCs in vivo and may even act
cooperatively (5, 14).
To resolve this issue, we designed a system to measure the
effect of competition between CD8 T cells that recognize
different peptides and class I MHC molecules. This system uses
TCR transgenic T cells to facilitate analysis of the activation
status and fate of responding cells in the presence or absence of
competition by a variety of techniques. In this work we show that
CD8 T cell competition for different peptide兾MHC complexes
on the same dendritic cells (DCs) is a very early event in
activation, occurring before T cell DNA synthesis and division.
Competition reduces the number of T cells recruited into the
response and the number of proliferating cells at the peak of the
response, but not the activation state of the recruited cells.
Results
T Cells Compete for DCs in Vivo. To study the ways in which T cells

compete for different MHC兾peptides on the same DC in vivo, we
used T cells from two transgenic mouse strains expressing TCRs
specific for different MHCs and peptides: P14, specific for Db ⫹
a peptide from lymphocyte choriomeningitis virus (gp33, ref. 15)
and OT-I, specific for Kb ⫹ a peptide from ovalbumin (16). P14
T cells were labeled with 5-(and 6)-carboxyfluorescein diacetate
succinimidyl ester (CFSE) and transferred into C57BL兾6 mice in
the presence or absence of competing OT-I T cells. The next day,
mice were immunized i.v. with peptide-pulsed bone marrowderived DCs that express both Kb and Db. DCs were loaded with
high concentrations of both target peptides (10 g兾ml) to ensure
that antigen was not limiting, and the use of T cells that recognize
different MHC proteins eliminated the possibility of direct
competition for MHC molecules themselves. The effect of the
few peptide-specific naı̈ve CD8 T cells in the host C57BL兾6 mice
should not have been a factor because it has been previously
shown that high-affinity TCR transgenic T cells compete with
these cells with almost total efficiency (6). In the experiments
shown here, a weak agonist version of the gp33 peptide, Y4A
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T cell responses against an antigen are often focused on a small
fraction of potentially immunogenic determinants, a phenomenon
known as immunodominance. Immunodominance can be established
at several stages of antigen presentation, including antigen processing, binding of peptides to MHC, and competition between T cells for
dendritic cells (DCs). The mechanism of this T cell competition is
unclear, but may include competition for physical access to DCs,
competition for limiting soluble DC-derived factors, or a suppressive
effect of one T cell population on the other(s). To model DC-specific
T cell competition, normal mice were injected with one or two T cell
receptor transgenic CD8 T cell populations, each with high affinity for
different peptides presented by different class I MHC complexes.
These mice were immunized with DCs pulsed with peptides that are
recognized by the transferred T cells. Competition was detectable
when both T cell populations were transferred and their target
peptides were present on the same DCs. The competition resulted in
fewer cells entering the response, but had no effect on the level of
activation of the cells that did respond. The effect was evident very
early in the response, and in fact the competing T cells needed to be
present in the first 5 h of the response for competition to occur. Thus,
some aspect of DCs other than peptide兾MHC complexes is limiting in
the earliest stages of the CD8 T cell response. These results have
implications for the design of multivalent vaccines.

(17), was loaded onto the DCs to improve detection of competition; however, similar results were obtained even when using
the full agonist peptide (data not shown).
Immunization with 1 ⫻ 106 peptide-pulsed DCs in the absence
of OT-I cells resulted in substantial accumulation of P14 cells
that had divided several times by day 4 as shown by complete loss
of their CFSE label. Coinjection of an equal number of OT-I
cells reduced the number of CFSElo P14 cells by ⬎3-fold (Fig. 1A
and Fig. 5, which is published as supporting information on the
PNAS web site). Higher doses of immunizing DCs resulted in
larger numbers of proliferating P14 cells, but, even at the highest
dose tested, competition was still readily detectable. Competition was also observed at the level of recruitment into the
response, as measured by the numbers of P14 cells that did not
divide at all (Fig. 1 A and B). The T cells competed for some
aspect of the DCs, because simultaneous immunization with two
separate DC populations, one pulsed with Y4A and the other
pulsed with ovalbumin, did not result in competition (Fig. 1C).
Experiments with CFSE-labeled OT-I cells, and P14 cells as the
competing T cells, gave similar results, indicating that both
populations show decreased recruitment in the presence of the
other and that the ability to compete is not specific to one of the
T cell populations (Fig. 6, which is published as supporting
information on the PNAS web site).
Competition Does Not Affect the Activation State of Responding T
Cells. We next asked whether activation marker expression on the

CD8 T cells was altered by competition. CD122 (IL-2兾15R␤) and
intracellular IFN-␥, markers of fully activated CD8 T cells, were
measured 4 days after immunization (Fig. 2 A and B). CD122 and
IFN-␥ expression increased in the cells that had proliferated more,
as measured by dilution of CFSE, but unexpectedly, the extent of
CD122 and IFN-␥ expression by the P14 cells that had divided was
unaffected by the presence of competing OT-I cells. This result
suggests that CD8 T cell competition for DCs occurs early, rather
than late, in the response. Therefore we measured the effects of
competition on early events, such as initial proliferation and Bcl-XL
up-regulation, 2 days after immunization. As before, the competition reduced the numbers of dividing P14 cells, but activation
marker expression at any given cycle of proliferation was identical
in P14 CD8 T cells in the presence or absence of competing OT-I
cells (Fig. 2C and Fig. 7, which is published as supporting information on the PNAS web site). Unaffected up-regulation of Bcl-XL,
in particular, indicated that the competed P14 cells received similar
costimulatory signals (18). The fact that CD44 and CD122 levels
were initially low on P14 (Fig. 2C) and OT-I (data not shown) cells
suggests that the response is dominated by naı̈ve CD8 T cells.
Competition did not result from cytotoxic lysis of DCs by the
transferred cells because the number of immunizing DCs present in
the spleen after 2 days did not change in the presence or absence
of antigen or either T cell population (data not shown).
T Cells Proliferate at the Same Rate in the Presence or Absence of
Competition. Competition reduces the number of dividing T cells

but not the activation state of these cells. This effect could be
because competition reduces the number of cells that enter the
cell cycle (as suggested by the results in Fig. 1), competition
reduces the rate of division of cells, or competition increases the
rate of cell death. The last of these explanations is unlikely,
because competition is evident within 44 h and activated T cells
are not thought to start dying until a later time (19). To check
the first two possibilities, we determined the percentage of
transferred cells that entered the cycle and the average number
of cell divisions per dividing cell 2 days after immunization.
Indeed, competition reduced the numbers of cells that entered
the cycle (Fig. 3A Upper) and had a small effect on the average
number of divisions for the cells that actually did enter the cycle
(Fig. 3A Lower). To verify this result, we combined CFSE
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Fig. 1. T cells compete for antigen-bearing DCs in vivo. (A) A total of 1 ⫻ 107
P14.Thy1.1 spleen cells labeled with CFSE were transferred into C57BL兾6 mice
in the presence or absence of equal numbers of OT-I spleen cells. The next day,
mice were immunized i.v. with various numbers of bone marrow-derived DCs
pulsed with both ovalbumin and Y4A peptides. Spleen cells were analyzed 4
days after immunization. Histograms are gated on CD8, Thy1.1⫹, and class II
MHC⫺ cells. The number of events is noted above histogram regions. (B) The
number of P14 cells per spleen that had not divided or divided at least once
was determined for multiple experiments performed as in A after immunizing
with 2 ⫻ 106 DCs. The number of P14 cells in the presence of OT-I cells was
divided by the number in the absence of competitor. This ratio was averaged
for four experiments for a total of 10 mice per group. (C) Experiment was
performed as in A except that mice were immunized with 2 ⫻ 106 DCs pulsed
with both peptides (same DC) or two populations of DCs pulsed separately
with each peptide (separate DC, 2 ⫻ 106 each).

dilution with measurements of BrdU incorporation into the
DNA of cycling cells. Experiments were performed as above,
except that mice were injected i.p. with BrdU 4 h before death
(Fig. 3B). At 18 h after injection of DCs, P14 cells had not started
to synthesize DNA because they had not incorporated detectable
amounts of BrdU. By 44 h, P14 cells had divided four to five times
in 26 h, indicating a cell cycle time of ⬍6 h, a remarkable rate
of proliferation for mammalian cells that is nevertheless consisWillis et al.

tent with other reports (20, 21). At that time point cells were still
synthesizing DNA as witnessed by incorporation of BrdU. By
92 h, BrdU incorporation was restricted to the cells that had lost
all of the CFSE label, with little or no incorporation in cells at
earlier cycle numbers. This result is surprising in light of the
observation that fully activated CD8 T cells are programmed to
divide extensively (22–24) and may reflect weaker activation of
some cells because of intraclonal competition (20, 25). None of
these results were affected by the presence of competitor OT-I
cells. These results suggest that competition between CD8 T cells
of different specificities acts at the level of recruitment, and that
once recruited, cells are resistant to competition.

than the onset of cell division. To address this question another way,
mice were injected with competitor OT-I cells at the same time as,
or after immunization, and P14 T cell division was measured at 48 h.
Transfer of OT-I cells simultaneously with P14 cells resulted in
competition as expected (Fig. 4C), and transfer at the time of
immunization gave identical results (Fig. 8, which is published as
supporting information on the PNAS web site). However, if OT-I
cells were transferred as little as 5 h after immunization, competition was no longer observed. These results show that CD8 T cell
competition for DCs exerts its effect in the first 5 h after immunization, and also that this form of competition is not effective after
this time.

Competition Occurs Within the First Few Hours of the Immune Response. How early in the CD8 T cell response does competition take

Discussion
Much of the published work on immunodominance concentrates
on the efficiency of processing and presentation of epitopes from
the antigen. It is important to consider, however, that the
dominance of a particular epitope is not necessarily linked to the
abundance of the epitope on the surface of the APC (26) and
that the absence of an epitope or MHC molecule can lead to the
conversion of a subdominant epitope to a dominant epitope (27,
28). The results described here show that CD8 T cell immunodominance caused by competition between T cell clones for
DCs can occur in the first few hours of a response. The

place? Cell division begins later than 18 h postimmunization (Fig.
3B), so we measured differences in the expression of early activation
markers at this time point to determine whether competition is
detectable before DNA synthesis. Fig. 4A shows representative data
from staining of P14 cells for CD69 and CD25 (IL-2R␣) 18 h after
immunization. The percentages of P14 cells expressing these markers were averaged for four mice (Fig. 4B). The results show that
competitor OT-I cells significantly reduced the numbers of CD69and CD25-bearing P14 cells. Therefore, competition occurs earlier
Willis et al.
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Fig. 2. Activation marker expression on and effector function of the proliferating P14 T cells are unaffected by competition. (A and B) Experiments were
performed similarly to Fig. 1 A, and CFSE intensity was plotted against CD122 (A) or intracellular IFN-␥ (B). The mean fluorescence intensity (MFI) for CD122
expression in cells that have completely lost CFSE staining (region shown on dot plot) is noted in A. Histograms are shown for intracellular IFN-␥ expression in
fully divided P14 cells in B. Mice were immunized with 2 ⫻ 106 DCs. (C) CFSE-labeled P14.Thy1.1 cells and OT-I cells were transferred into mice and immunized
with unpulsed or peptide-pulsed DCs as shown, and spleen cells were tested for CD44 and Bcl-XL expression at 44 – 48 h. MFI for CD44 and Bcl-XL are plotted for
undivided cells and cells in rounds 1– 4 of division. ■, P14 alone; F, P14 ⫹ OT-I.

Fig. 3. P14 cells that are recruited into the response proliferate to the same
extent in the presence or absence of competition. (A) CFSE-labeled P14.Thy1.1
cells were transferred into mice with or without OT-I cells, and mice were
immunized with 2 ⫻ 106 peptide-pulsed DCs. Spleen cells were tested for
proliferation at 48 h. The proliferation platform function of FlowJo was used
to determine the number of P14 cells that divided at least once and the
average number of divisions for those cells. Multiple experiments were combined for a total of nine mice per group. (B) Cell transfer and immunization
was performed as in A, and spleen cells were analyzed at 18, 44, and 96 h as
shown. Four hours before death, mice were injected i.p. with 1 mg of BrdU in
100 l of PBS. Cells were analyzed as in other figures except intracellular
staining for BrdU incorporation was performed. MFI for BrdU staining is
shown for undivided P14 cells and at rounds 1– 4 of cell division for the 44-h
time point. ■, P14 alone; F, P14 ⫹ OT-I.

competition occurs even though the responding T cells recognize
different peptides bound to different class I MHC molecules and
requires that the competing T cells react with the same DC,
because presentation of the peptides on different DC populations eliminates the competition. Competition, therefore, does
not result from a lack of space or some other generally available
factor in the spleen, but must be caused by some resource
provided by the DCs that is limiting.
Our model of CD8 T cell competition requires that the
competing T cells be present in the first hours of the response.
12066 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0605130103

Fig. 4. T cell competition occurs very early in the initiation of the response.
(A) CFSE-labeled P14.Thy1.1 cells were injected with or without OT-I cells.
Peptide-pulsed DCs and spleen cells were tested for expression of the activation markers CD69 and CD25 at 18 h. (B) Similar experiment to A except that
results were averaged for mice with or without cotransfer of OT-I cells. (C) Cell
transfer was performed as in other experiments except that OT-I cells were
cotransferred simultaneously with P14.Thy1.1 cells or at the indicated times
after immunization. n ⫽ 6 – 8, normalized results of two experiments. Statistical comparisons are shown. *, P ⬍ 0.01; **, P ⬍ 0.001.

After this time the cells that have been recruited are unaffected
by competition. This finding is compatible with previous work
showing that T cells that recognize antigen early tend to dominate the response (29) and the fact that antigen presentation by
DCs takes place within the first 24–48 h after immunization
(30–32), although the remarkable speed at which this competition can take place has not been previously reported to our
Willis et al.
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DC availability (4, 5, 40, 41). However, in this and other published
reports of competition between T cells of different specificities, the
competition was alleviated or eliminated when antigen was provided on separate DCs (2, 6, 7, 10, 42). Such competition may limit
the efficacy of multivalent vaccines that deliver multiple CD8 T cell
epitopes simultaneously, and care must be taken in the design of
such vaccines to maintain as broad of an immune response as
possible.
Materials and Methods
Mice and Reagents. C57BL兾6, B6.PL-Thy1a兾CyJ (Thy1.1⫹), and
B6.SJL-Ptprca Pep3b兾BoyJ (CD45.1⫹) mice were obtained from
The Jackson Laboratory (Bar Harbor, ME). OT-I mice (specific for
the ovalbumin peptide SIINFEKL, presented by H-2Kb molecules)
(16) were provided by T. Potter (National Jewish Medical and
Research Center), and P14 mice (specific for the lymphocytic
choriomeningitis virus gp33 peptide, KAVYNFATM, or the weak
agonist variant Y4A, KAVANFATM, presented by H-2Db class I
molecules) (15) were from P. Ohashi (University of Toronto,
Toronto, Canada). OT-I mice were crossed to B6.SJL-Ptprca Pep3b兾
BoyJ, and P14 mice were crossed to B6.PL-Thy1a兾CyJ to generate
P14.Thy1.1 and OT-I.CD45.1 mice, respectively. Kb-OVA MHC
tetramers were produced in the laboratory at the National Jewish
Medical and Research Center as described (43). Peptides were
supplied by The Molecular Resource Center at the National
Jewish Medical and Research Center. Directly conjugated mAbs
were purchased from BD Pharmingen (San Diego, CA) or
produced in the laboratory at The National Jewish Medical and
Research Center by using Alexa 405 or Alexa 647 protein
conjugation kits from Molecular Probes (Eugene, OR). CFSE
was from Molecular Probes, and all other reagents were from
Sigma–Aldrich (St. Louis, MO).
Cell Preparation, Adoptive Transfer, and Immunization. Spleen and

lymph node cells from TCR transgenic mice were labeled as
indicated by incubation in a 1 M solution of CFSE for 5 min at
room temperature. Unincorporated dye was quenched by adding
1兾10 volume of FBS. Cells were washed three times, and 1 ⫻ 107
cells were injected i.v. into the tail veins of C57BL兾6 mice in 200
l of Hanks’ balanced salt solution (HBSS). DCs were cultured
from mouse bone marrow cells as described (6), then pulsed with
10 g兾ml of peptide as indicated for 2 h at 37°C, and activated
by a 30-min incubation with 1 g兾ml Salmonella typhosa LPS.
DCs were washed three times with HBSS and injected i.v. In
some experiments, mice were injected i.p. with 100 l of a 10
mg兾ml solution of BrdU in PBS 4 h before death.
Cell Analysis. Spleen cells from immunized mice were passed

through nylon filters, and red blood cells were lysed. Cells were
counted and surface-stained by using directly conjugated mAbs
according to standard protocols. For intracellular cytokine
staining, spleen cells were cultured for 4 h at 37°C in the presence
of the appropriate peptide and 10 g兾ml brefeldin A and stained
with a kit from BD Pharmingen. For BrdU staining, cells were
surface-stained and then fixed in 4% paraformaldehyde and
0.1% saponin for 10 min at room temperature. Cells were treated
with 10% DMSO and 0.1% saponin in PBS for 10 min on ice,
fixed again as above for 5 min, and incubated with 300 g兾ml
DNase in PBS for 30 min at 37°C. Staining was performed in
staining buffer with 0.1% saponin and 1 g兾ml Alexa 647conjugated anti-BrdU mAb from Molecular Probes (44).
For flow cytometric analysis, 106 events were collected on a
FACSCalibur (BD Biosciences, San Diego, CA) or a CyAn LX
(Dakocytomation, Glostrup, Denmark), and data were analyzed
by using FlowJo version 6 or later (Tree Star, Ashland, OR).
Samples were gated on CD8 class II MHC⫺ events, and transferred cells were identified by using the appropriate congenic
marker or class I MHC tetramer reagent.
PNAS 兩 August 8, 2006 兩 vol. 103 兩 no. 32 兩 12067
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knowledge. The effect of competition appears to be at the stage
of recruitment into the response, not the activation state of
recruited cells. This conclusion is based on data taken at 48 h or
less after immunization, because with experiments with longer
time points (Figs. 1 and 2 A and B) do not allow measurement
of individual cell generations and cell yields at longer times are
affected by issues, such as cell death and migration from the
spleen, other than the initial activation events. T cells that were
recruited in the presence of competition displayed similar levels
of activation markers at all time points tested. Furthermore,
competed T cells had the same rate of proliferation as T cells in
the absence of competition. These results are consistent with
multiple reports that CD8 T cells require only a brief period of
stimulation for full activation (22–24). The model described here
uses DCs that are activated in vitro with LPS, a highly potent
immunization. It is possible that in other forms of immunization,
strength of stimulation, activation of CD4 T cells, and the
presence of Toll-like receptor ligands might have an effect on the
outcome of competition, if not on the primary response then
perhaps on the generation of memory (20, 25, 33–36).
A key factor in studies of T cell competition is the ratio of T cells
to DCs, as increasing the availability of DCs and antigen will
eventually eliminate the effect of competition (6, 13). Our model
uses transfer of a larger than physiological number of antigenspecific CD8 T cells to allow detailed measurements of the extent
and quality of their response. We are also aware of a recent report
demonstrating that the transfer of large numbers of antigen-specific
cells affects the way in which the cells differentiate (37). However,
that report addresses the generation of memory, not primary
responses, and our results show that the activation profile of
responding cells is not affected by the presence of a competing
population. As discussed previously, immunodominance at the T
cell level is present in some vaccine and infectious models and the
results described here will be of use in learning whether competition
is responsible for this observation and how responses may be
modified.
Competition between CD8 T cells of different peptide兾MHC
specificities is not as effective as competition between clones of
the same specificity and has not been detected in every case
where this has been tested. Two such reports measured competition between clones specific for lymphocytic choriomeningitis
virus-derived epitopes during acute infection (4, 12). It is possible that the extent of this infection results in a large enough
pool of antigen-presenting DCs or other APCs to overwhelm the
competition for these cells, but competition for a particular
peptide兾MHC complex presented by these cells is retained.
Another report used a system similar to ours and observed only
competition between clones of the same specificity (13). However, when testing competition between clones of different
specificities mice were immunized with target peptides pulsed
onto separate DC populations and not the same DCs. This
immunization would not be expected to result in competition
and is in agreement with our results.
We hypothesize that the limiting factor that results in competition
is the number of productive interactions that a DC is capable of
carrying out with T cells. This idea is surprising, because recent data
derived from visualization of T cell兾DC interactions in whole lymph
nodes by in vivo multiphoton microscopy have shown that a single
DC can interact with an incredible number of T cells (500–5,000
cells per h; refs. 38 and 39). This estimate implies that the surface
of a DC may not be a particularly limiting resource; however, these
experiments do not measure the number of T cell interactions that
are productive. It is likely that the effective stimulatory capacity of
a DC is not limited by surface area but by the availability of
membrane proteins required for full T cell activation. We cannot
rule out a soluble factor such as a cytokine as the limiting factor in
competition, and there is clearly an upper limit to the expansion of
T cell precursors in a given immune response that is not caused by

Statistics. Data are presented as mean ⫾ SD, and statistical
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