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aive T cells expand from a small precursor frequency
to a large number of activated cells upon exposure to
specific Ag. Control of the expansion of effector cells
is required, generating enough cells to clear Ag, but not so many
as to induce damage. The expansion of T cells has been correlated with the amount of Ag presented and the number of APCs
(1, 2). It has been proposed that T cells compete for physical
access to Ag on APCs (3). There is also evidence for competition
for Ag between T cells specific for different Ag/MHC complexes, which has been attributed to differences in Ag processing and competition between Ags for loading onto a limited
number of MHCs (4 – 6).
The precursor frequency of naive CD8⫹ T cells specific for a
particular epitope has been estimated at ⬃100 per 100,000
CD8⫹ T cells (7). It is difficult to track the response of a low
number of Ag-specific precursor T cells, so many have used
adoptive transfer of TCR-transgenic T cells to study T cell regulation and disease models (8). The number of T cells transferred is several orders of magnitude higher than the number of
host precursors for the same Ag. These transfers do not reflect a
normal physiological situation, and data obtained from such experiments may not reflect what happens to host cells naturally
exposed to Ag. To compare the expansion of naive donor trans-
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genic TCR cells and naive host cells in response to specific Ag,
we used adoptive transfer of defined TCR-transgenic populations into wild-type hosts.

Materials and Methods
Mice
B6.PL-Thy1a/Cy (Thy1.1) mice were from The Jackson Laboratory (Bar Harbor, ME). BALB/c (By) Thy1.1 mice (from Dr. C. Surh, Scripps Research Institute, La Jolla, CA) were bred at the Animal Breeding Facility at Trudeau
Institute. OT-1 mice (9) were originally obtained from Dr. M. Bevan (University of Washington, Seattle, WA). HY mice (10) were from Taconic (Albany,
NY). The HA clone-4 transgenic TCR mice (11) were from Dr. L. Sherman.
Animal procedures were conducted in accordance with institutional guidelines.

Peptides
SIINFEKL, IYSTVASSL, and WMHHNMDLI were from New England Peptide (Gardner, MA).

Cell isolation and in vivo transfer
CD8⫹ T cells were prepared from mouse lymph nodes and spleens by positive
selection with anti-CD8 beads using MACS columns (Miltenyi Biotec, Auburn, CA). Naive CD8⫹ T cells were ⬎95% pure. Cells were labeled with
CFSE (Molecular Probes, Eugene, OR) as described (12). Bone marrow cells
were cultured as described (13). Dendritic cells (DCs)3 were incubated in medium with 0.01–10 g/ml peptide for 2 h at 37°C as described (14). Mice
received 102–107 purified naive CD8⫹ T cells i.v.; 103 or 106 peptide-loaded
bone marrow-derived DCs were injected at the same time as CD8⫹ T cells.
Mice were euthanized by cervical dislocation.

Influenza infection
Influenza Puerto Rico (PR8, H1N1) virus (from Dr. N. Klinman, Scripps Research Institute) was grown as described (15). Mice were infected with influenza
by intranasal inoculation of 50 l of 6000-egg infectious unit virus in PBS 24 h
after adoptive cell transfer.

Flow cytometry
Single-cell suspensions were incubated with Abs and reagents for four-color
analyses as indicated in the figures. Cells were analyzed on a Cyan (DakoCytomation, Carpinteria, CA).

Results and Discussion
The immune system cannot accommodate an unlimited number of effector cells. There must be a limit to the maximal size of
the response of CD8⫹ T cells to Ag, but a mechanism is unknown. To address this issue, we transferred titrated numbers of
CFSE-labeled OT-1 transgenic TCR CD8⫹ T cells into mice
that were challenged with a high concentration of peptide on
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Naive CD8ⴙ T cells are activated on encounter with Ag
presented on dendritic cells and proliferate rapidly. To investigate the regulation of naive CD8ⴙ T cells proliferation, we adoptively transferred TCR-transgenic CD8ⴙ T
cells into intact mice together with Ag-pulsed dendritic
cells. Regardless of the number of cells initially transferred,
the expansion of activated Ag-specific CD8ⴙ T cells was
limited to a ceiling of effector cells. This limit was reached
from a wide range of T cell doses, including a physiological
number of precursor cells, and was not altered by changing
the amount of Ag or APCs. The total Ag-specific response
was composed of similar numbers of host and donor transgenic cells regardless of donor cell input, suggesting that
these populations were independently regulated. Regulation of the transgenic donor cell population was TCR specific. We hypothesize that a clone-specific regulatory mechanism controls the extent of CD8ⴙ T cell responses to Ag. The
Journal of Immunology, 2004, 173: 2923–2927.

2924

CUTTING EDGE: REGULATION OF CD8 EFFECTOR POPULATIONS

that the host response to the same Ag was not subject to competition with the donor cells even when large numbers of transgenic cells were present—the host response was equally large
whether 102 or 107 cells were transferred—a ratio of 1.4:1 donor:host at all titrations considered (Fig. 1E). The regulation of
expansion of host cells must occur independently of that of donor cells.
This observation argues against the possibility that cells compete for Ag, because host cells are responding to the same peptide-loaded APCs as donor cells. If there were competition for
Ag, the host response would be compromised upon transfer of
high numbers of donor cells, but this is not the case. To further
address the issue of Ag competition, we repeated the analysis
and found Ag to be limiting when we transferred lower numbers of DCs (Fig. 2A) or DCs loaded with lower concentrations
of peptide (B), and the overall expansion was altered. Hence,
there is competition for Ag, but only when this Ag is limiting,
and not when it is present in excess amounts. We also repeated
the experiment transferring DCs 1 day after naive CD8⫹ T cell
transfer and found similar results (Fig. 2C), implying that differential access to Ag between host and donor cells does not explain the observed regulation. It is known that naive and memory CD8⫹ T cells respond differently to Ag (18, 19), and it
could be argued that the host cells responding to Ag are from a
memory CD8⫹ T cell population. However, both the donor
population and the host CD8⫹ T cell pool contained ⬍2%
CD44high cells (data not shown).
It seemed most likely that competition or suppression between T cells regulates the expansion of CD8⫹ Ag-specific T
cell populations, and that the mechanism of control may operate differently on host vs donor cells. To analyze this, we first

FIGURE 1. Naive CD8⫹ T cells reach a maximal number upon exposure to Ag, regardless of precursor frequency; host and donor cell proliferation occur
independently of each other. B6.PL mice were injected with 1 ⫻ 107, 1 ⫻ 106, 1 ⫻ 105, 1 ⫻ 104, 1 ⫻ 103, or 1 ⫻ 102 CFSE-labeled naive CD8⫹ OT-1 transgenic
TCR cells i.v. with 1 ⫻ 105 bone marrow-derived DCs that had been pulsed with 10 g of SIINFEKL. At the indicated days after transfer, cells were recovered from
the spleen and incubated with SIINFEKL tetramer and Abs to Thy1.2 and CD8. A, Tetramer⫹ cells were enumerated at each time point. B, The number of donor
cells of individual mice is shown at day 7 after transfer. C, The fold increase in cell number of tetramer⫹ donor cells from each group of mice at day 7 after transfer
is plotted against the initial cell input. D, Tetramer⫹Thy1.2⫹CD8⫹ donor cells were enumerated from each group at the CFSE-measured division number. E, The
number of tetramer-positive donor and host cells were measured at day 7 using Thy1.2. Each graph represents mean and SD of three to four mice per group and is
representative of six independent experiments.
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bone marrow-derived DCs. By day 7, the number of tetramerpositive cells in the spleens of all mice that received cells was
almost identical, despite the wide range of the initial transfer
number, reaching a ceiling of 6.5 ⫻ 105 (SD, 1.5 ⫻ 105) effector cells (Fig. 1, A and B). Similar results were seen in pooled
peripheral lymph nodes and, in small numbers, the peritoneal
cavity, liver, lung, and mesenteric lymph nodes (data not
shown). Mechanisms regulating the ceiling were already in effect by days 3–5, because the expansion of T cells was slower
when higher numbers rather than lower numbers of donor cells
were transferred (Fig. 1A, compare slopes of curves days 1–5).
Experiments looking at earlier time points for each dose of cells
showed that there was no earlier peak for the high number of
transferred cells. A similar phenomenon has also been seen on
transfer of high numbers of CD4⫹ T cells in influenza-infected
mice (15). In contrast, cells transferred in low numbers had all
divided more than seven times at the peak of the response (Fig.
1D). We conclude that a naive mouse possesses sufficient naive
CD8⫹ T cells specific for a particular epitope to generate the
maximum response. Adoptive transfer of any number of Agspecific naive CD8⫹ T cells cannot increase this maximum.
We next examined what limits the size of this epitope-specific
maximal response and considered the following mechanisms: 1)
availability of presented epitope (16), 2) availability of space
within which cells can expand (17), 3) supply of factor(s) necessary to support proliferation of cells, 4) a non-epitope-specific
regulatory mechanism that suppresses further proliferation, or
5) a TCR-specific regulatory mechanism that prevents further
expansion.
Nonclonal regulation should lead to competition between
different populations of responding cells. However, we found
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transferred titrated numbers of naive T cells from two genetically distinct strains of transgenic TCR OT-1 mice, one
CD45.1⫹ and one CD45.1⫺. Transfer of either OT-1 or OT-1
CD45.1⫹ cells resulted in a peak number of effectors that was
composed of both donor and host cells, but the number of host
cells was the same, regardless of donor cell number or source
(Fig. 3A). Transfer of a high number of OT-1 CD45.1⫹ cells
inhibited proliferation of a low number of OT-1 cells transferred into the same host (Fig. 3A), indicating competition between the two donor cell populations of the same specificity.
Thus, a population of donor OT-1 cells that did not inhibit
proliferation of host SIINFEKL-specific cells did inhibit proliferation of another population of OT-1 donor cells, reducing
their response by 100-fold. It does not seem likely that this difference is due to the minority population being outcompeted by
the majority population, because the host response (an even
smaller population) remains unaltered. Transfer of low numbers of both OT-1 and OT-1 CD45.1⫹ cells resulted in equal
proliferation of both donor populations. Hence, regulation due

FIGURE 3. Regulation of effector CD8⫹ T cell number is Id specific.
B6.PL mice were injected with either 1 ⫻ 106 or 1 ⫻ 103 naive CD8⫹ OT-1
CD45.1⫹ transgenic TCR T cells plus 1 ⫻ 103 naive OT-1 CD45.1⫺ transgenic TCR T cells with 1 ⫻ 105 bone marrow-derived DCs that had been
pulsed with 10 g of SIINFEKL. At day 7 after transfer, cells from each donor
were enumerated. B, B6.PL mice were injected with 1 ⫻ 104 naive CD8⫹ HY
transgenic TCR T cells plus 1 ⫻ 105 bone marrow-derived DCs that had been
pulsed with 10 g of WHHNMDLI plus either 1 ⫻ 106 naive CD8⫹ transgenic TCR OT-1 CD45.1⫹ T cells, or 1 ⫻ 106 naive CD8⫹ transgenic TCR
OT-1 CD45.1⫹ T cells plus 1 ⫻ 105 bone marrow-derived DCs that had been
pulsed with 10 g of SIINFEKL. At day 7 after transfer, donor cells were enumerated. The response of HY cells to WHHNMDLI and OT-1 cells to SIINFEKL alone was comparable. Each graph represents mean and SD of three to
five mice per group and is representative of three independent experiments.

to identical TCR affinities was only observed in the donor
transgenic TCR pool, and not between donor and host. These
data imply that, once the clonal donor CD8⫹ T cell population
reaches a certain size, regulatory mechanisms control further
expansion.
To investigate whether two populations of donor cells responding to different Ags would be similarly controlled, we
transferred low numbers of HY transgenic naive CD8⫹ T cells
with high numbers of OT-1 naive CD8⫹ T cells. We stimulated HY cells with or without concurrent stimulation of OT-1

FIGURE 4. Adoptive transfer of small numbers of CD8⫹ T cells results in
delayed kinetics of CD8⫹ T cell accumulation. BALB/cThy1.1⫹ mice were
injected with 1 ⫻ 106, 3 ⫻ 104, or 1 ⫻ 103 naive CD8⫹Thy1.2⫹ HA transgenic TCR T cells, and then infected with 6000-egg infectious unit influenza
virus 24 h later. The graph represents mean and SD of donor cells in the lungs
of three mice per group and is representative of two independent experiments.
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FIGURE 2. The maximum number of CD8⫹ effector cells is not due to
competition for Ag or APCs. A, B6.PL mice were injected with 1 ⫻ 106 or 1 ⫻
103 naive CD8⫹ OT-1 transgenic TCR cells i.v. with 1 ⫻ 106, 1 ⫻ 105, or 1 ⫻
103 bone marrow-derived DCs that had been pulsed with 10 g of SIINFEKL.
At day 7 after transfer, donor and host tetramer⫹ cells were enumerated. B,
B6.PL mice were injected with 1 ⫻ 106 or 1 ⫻ 103 naive CD8⫹ OT-1 transgenic TCR cells i.v. with 5 ⫻ 105 bone marrow-derived DCs that had been
pulsed with 10, 1, 0.1, or 0.01 g of SIINFEKL. At day 7 after transfer, donor
and host tetramer⫹ cells were enumerated. C, B6.PL mice were injected with
1 ⫻ 106, 1 ⫻ 105, 1 ⫻ 104, or 1 ⫻ 103 naive CD8⫹ OT-1 transgenic TCR cells
i.v. The following day mice were injected with 1 ⫻ 105 bone marrow-derived
DCs pulsed with 10 g of SIINFEKL i.v. At day 7 after transfer, cells were
recovered from the spleen and incubated with SIINFEKL tetramer and Abs to
Thy1.2 and CD8. Each graph represents mean and SD of three to four mice per
group and is representative of three independent experiments each.
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induced (22–24). Alternatively, regulatory cells may have been
introduced with the donor population; however, ⬍0.05% of
the transferred cells were CD4⫹CD25⫹. It is possible that the
donor transgenic TCR cells have been compromised, and that
regulation by the host is specific, not for the transgenic TCR,
but for whatever marks the donor cells.
Expansion from a low precursor frequency, either from a normal host, or by transferring low numbers of cells, is efficient to
generate a maximal response to Ag. However, we have shown
that adoptively transferred transgenic cells expand differently to
specific Ag than do host cells. This study questions the validity
of comparing responses from wild-type host CD8⫹ T cells and
adoptively transferred transgenic TCR CD8⫹ T cells.
In summary, we have shown that adoptively transferred naive
TCR-transgenic CD8⫹ T cells expand following Ag challenge
to a ceiling level, regardless of the initial input cell number. The
response of the host also remains the same irrespective of the
donor population size. Low numbers of transferred cells are sufficient for a maximal response, while some inhibitory process
restricts the expansion of higher numbers of transferred cells.
This process does not inhibit the host response nor does it inhibit the response of adoptively transferred cells specific for a
different Ag.
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space between donor cell populations specific for different Ags,
the expansion of HY effectors would be inhibited by the expansion of OT-1 cells, as had been seen between OT-1 populations. In the presence of high numbers of OT-1 cells, the expansion of a low number of HY cells was not inhibited at the
peak of the response (day 7; Fig. 3B), showing that the donor
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there is competition between transgenic donor cells of the same
specificity, but not different specificity, argues against regulation being a result of differences in a non-Ag-specific host vs
donor niche.
We wanted to establish whether the maximal response seen in
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We injected titrated numbers of naive HA transgenic TCR
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