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Factors that influence T cell responses, such as Ag load,
APCs, costimulatory molecules, and cytokines, dramati-
cally change during the course of an immune response. We
observed that antiviral CD8 T cells were not recruited
from circulation simultaneously, but over a period of 3–4
days. Consequently, locally resident T cells and those that
entered secondary lymphoid tissue later were primed in
very different environments. The cells recruited later in
the response were imprinted with a unique differentiation
program, such that their magnitude of proliferation was
reduced and their kinetics of expansion was delayed. In
addition, we found that the “latecomer” CD8 T cells dis-
played a unique surface phenotype indicative of reduced
stimulation but were not preferentially recruited into the
surviving pool of memory cells. This finding demonstrates
that the timing of recruitment of individual T cell clones
determines the population dynamics of the subsequent im-
mune response. The Journal of Immunology, 2006, 177:
777–781.

F ollowing activation, T cells typically proceed through
three phases: expansion, contraction, and memory. A
few hours of priming is sufficient to “program” the ex-

pansion of CD8 T cells (1–3), although T cells that receive dif-
ferent levels of antigenic stimulation are imparted with distinct
programs (4, 5). It is believed that a decrease in growth factors
following pathogen clearance governs the onset of contraction,
although other data suggest that this phase may be programmed
early in the response (6). Programming also appears to play an
important role in T cell differentiation, because cells that re-
ceive reduced stimulation or that encounter Ag later in the re-
sponse might be more likely to survive as memory T cells (7–
10). Thus, the information garnered by a responding CD8 T
cell during the priming stage plays a pivotal role in dictating the
fate of its progeny during each subsequent phase of the
response.

Naive T cells undergo a dynamic recirculation pattern be-
tween blood and secondary lymphoid organs. Consequently,

the time required for different Ag-specific T cells to gain access
to draining lymph nodes following an infection might differ
greatly (8). Ag levels, APCs, costimulatory molecules, and cy-
tokines vary considerably at different time points following
pathogen entry. Thus, a naive T cell entering a lymph node later
in the response would undergo priming in a very different en-
vironment. Yet, most studies assess the behavior of an entire
population of Ag-specific T cells and do not differentiate be-
tween subpopulations.

In this report we demonstrate that Ag-specific CD8 T cells
are recruited from circulation over a 3-day period following a
systemic viral infection. The results showed that “latecomer”
subpopulations exhibited a delayed peak of expansion, indicat-
ing that, in addition to cell-extrinsic survival factors, cell-intrin-
sic programming plays an important role in the onset of the
contraction phase. The latecomer cells also achieved a reduced
burst size and displayed a phenotype indicative of reduced stim-
ulation, but they did not exhibit enhanced memory formation.
These results reveal multiple facets of a CD8 T cell response
that are influenced by the time of recruitment of individual
clones.

Materials and Methods
Mice and pathogens

C57BL/6J mice were obtained from The Jackson Laboratory. OT-I/RAG-1�/�/
CD45.1� (C57BL/6-Tg(TcraTcrb)1100Mjb/J;Rag1tm1Mom;B6.SJL-Ptprca

Pepcb/BoyJ) mice were bred from mice provided by Dr. A. Goldrath (University
of California, San Diego, La Jolla, CA). Vesicular stomatitis virus (VSV)3 ex-
pressing OVA (VSV-OVA) and Listeria monocytogenes (Lm) expressing OVA
(Lm-OVA) were provided by Dr. L. Lefrançois (University of Connecticut
Health Center, Farmington, CT).

Flow cytometry

Lymphocytes isolated from peripheral blood or spleen were stained with indi-
cated reagents following RBC lysis. All Abs were purchased from BD Pharm-
ingen or eBioscience. MHC class I tetramers were provided by Drs. V. Vezys
and D. Masopust (Emory University, Atlanta, GA). The data were analyzed
using FlowJo software.

Adoptive transfer and immunization

Lymphocytes isolated from lymph nodes of OT-I/RAG-1�/�/CD45.1� mice
were injected i.v. into naive B6 mice. In some experiments, donor cells were
labeled with CFSE (Invitrogen Life Technologies). Mice were infected i.v. with
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1 � 105 PFU of VSV-OVA. For challenge infections, mice were infected i.v.
with 104 CFU of Lm-OVA. The efficiency of memory generation was calcu-
lated in the following manner. The percentage of memory cells present in PBL
was divided by the proportion of effector cells present at the respective peak of
expansion, and this number was multiplied by 100.

Results and Discussion
Antiviral CD8 T cells are not simultaneously recruited from circulation

Seminal studies showed that Ag-specific lymphocytes are selec-
tively recruited from circulation to secondary lymphoid tissues
as early as 24 h following immunization (11). Similarly, immu-
nization with soluble protein results in the disappearance of all
Ag-specific CD8 T cells from peripheral blood within 24 h
(Ref. 12) and our unpublished observations). However, the re-
cruitment time for Ag-specific CD8 T cells following infection
with a live replicating pathogen might differ. Hence, we deter-
mined the time required for Ag-specific CD8 T cells to be re-
cruited from circulation following a systemic viral infection.
We made use of an adoptive transfer system in which congeni-
cally marked (CD45.1�) OVA-specific OT-I/RAG-1�/�CD8
T cells were CFSE-labeled and transferred to B6 (CD45.2�)
mice that were either left unimmunized or immunized i.v. a day
later with a recombinant VSV-OVA. The recruitment of the
Ag-specific OT-I cells following VSV-OVA infection was as-
sayed by monitoring the disappearance of naive
(CFSEhighCD44low) donor cells from circulation over time
(Fig. 1A). We observed OT-I cell recruitment as early as day 1,
and the majority of cells were recruited from circulation by day
3 following infection. This is more clearly illustrated in Fig. 1B,
where the number of cells present in immunized animals is ex-
pressed as a percentage of control at each time-point. The re-
cruitment of the OT-I cells following immunization with VSV-
OVA was Ag-specific, as immunization with wild-type VSV
(lacking OVA) did not result in T cell recruitment (data not
shown). As previously reported (13), by day 3 we began to ob-
serve newly activated (CFSElowCD44high) cells in circulation
(data not shown).

Cells recruited later in the response display altered response kinetics

We determined the fate of latecomer cells by transferring con-
genically marked OT-I cells into mice that had been infected 2
or 4 days earlier with VSV-OVA. To minimize competition
with the endogenous CD8 T cells, we transferred small num-
bers (2000) of the OT-I cells. The frequency of Ag-specific T
cell precursors is estimated to be on the order of 100–200 cells
in a naive mouse, and �10% of adoptively transferred cells “en-

graft” in the recipient (14). Hence, the experiment was designed
to track an equivalent number of OT-I and endogenous T cells
responding to the same antigenic peptide. Two additional
groups of control mice were included: one that received the do-
nor OT-I cells a day before infection, and another that did not
receive any donor cells.

The response kinetics of the OT-I cells that were transferred
before infection appeared similar to those of the endogenous
Ag-specific populations within the same animals or within an-
imals that did not receive any OT-I cells (Fig. 2A). However,
the magnitude of the OT-I response was higher than the en-
dogenous responses, suggesting that the engrafted OT-I cells
exceeded the natural precursor frequency for OVA. Also, com-
paring the endogenous responses in these two control groups
revealed a slight inhibition associated with the addition of OT-I
cells a day earlier, which is probably due to competition (15,
16).

The transfer of OT-I cells 2 and 4 days later (Fig. 2, B and C)
did not affect the endogenous responses to VSV-OVA. The
latecomer OT-I cells themselves had proliferated impressively
yet achieved progressively reduced burst sizes compared with
the OT-I cells transferred before infection. This result is con-
sistent with an earlier study suggesting that the T cells that en-
counter Ag early in the response make up the majority of the
responding population (17). Surprisingly, we observed that the
latecomer T cells also displayed progressively delayed kinetics.
This is more clearly illustrated in Fig. 2, D and E, where the
expansion and contraction of each subpopulation is graphed as
the proportion of the maximum (percentage of peak). Thus,
subpopulations of CD8 T cells responding to the same epitope
exhibit unique response kinetics, such that latecomer popula-
tions continue to expand even while the earliest recruited cells
are contracting. We observed similarly altered response kinetics
within the population of latecomer T cells in the spleen as well
as in nonlymphoid compartments such as the liver (data not
shown). These results demonstrate that cell-intrinsic factors
play a significant role in determining the onset of the contrac-
tion phase of the response.

In addition to a reduced expansion of the latecomers, we
noted that there was not a precise correlation between the time
of spiking and the time of the peak of expansion. Thus, the day
�2 latecomer T cells peaked a day (and not two days) later than
the control populations, whereas the day �4 latecomer T cells
peaked 2–3 days (and not four days) later than the controls. We
propose that there are two nonmutually exclusive explanations
for these results. One possibility is that latecomer T cells receive
a unique cell-intrinsic program that sets a reduced and abbre-
viated expansion phase. Alternatively, the levels of Ag presenta-
tion and other cell-extrinsic factors such as cytokines are impor-
tant throughout the course of the response. The demonstration
that the provision of IL-2 toward the latter part of the expansion
phase alters the magnitude and timing of the proliferative peak
is strong evidence that the cells undergoing a programmed ex-
pansion remain responsive to external cues from the environ-
ment (13, 18). We are currently conducting experiments to de-
termine the relative contribution of intrinsic vs extrinsic factors
to the latecomer response.

Latecomer CD8 T cells display a unique phenotype

The population of responding Ag-specific T cells is highly het-
erogeneous with respect to cell surface phenotype and function

FIGURE 1. Antiviral CD8 T cells are not recruited simultaneously. CFSE-
labeled OT-I/RAG�/�/CD45.1� cells (1 � 106) were transferred to B6
(CD45.2�) hosts that were left unimmunized or were immunized with VSV-
OVA a day later. A, Percentage of naive donor cells in PBL was measured over
time. B, Donor cell numbers present within immunized mice were expressed as
a percentage of those in unimmunized animals. The values plotted represent the
mean � SD.
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(19). Hence, we analyzed the latecomer T cells to determine
whether priming late in the response led to phenotypic differ-
ences that could account for the heterogeneity observed during
T cell responses. CD62L (L-selectin) is expressed at high levels
on naive T cells and is down-regulated by most cells subsequent
to activation. Thus, as expected, naive OT-I cells were uni-
formly CD62Lhigh (data not shown), and the majority of day
�1 OT-I cells down-regulated the expression of CD62L fol-
lowing activation (Fig. 3A). However, a higher proportion of
the latecomer day �2 OT-I cells remained CD62Lhigh. The
down-regulation/re-expression of CD62L has been shown to
correlate with the strength of stimulation during the priming
phase of the response (9, 20, 21), suggesting that latecomer T
cells received reduced stimulation.

We also measured the expression of other surface markers
that identify subpopulations of responding cells (Fig. 3B). The
IL-2R�-chain (CD25) is expressed on activated cells and is
down-regulated by the peak of expansion (13). Consequently,
the majority of control day �1 OT-I cells did not express
CD25 (9% were CD25high) at day 6. However, �32% of the
latecomer day �2 cells were still CD25high at this time point,
consistent with their more recent stimulation (Fig. 3B). By the
peak of the latecomer response at day 7, most of these cells had
lost the expression of CD25, similar to what was observed with
the control OT-I cells at their peak of proliferation.

Expression of the killer cell lectin-like receptor G1 (KLRG1)
identifies cells that are highly stimulated and have undergone
extensive cell division (22). We found that very few (6%) of the
day �2 OT-I cells expressed KLRG1 at the peak of their re-
sponse, compared with 22% of the day �1 OT-I cells. Again,
these results are consistent with the notion that latecomer T
cells were less stimulated and, consequently, completed fewer
rounds of division (Fig. 3B). The expression of IL-7R�
(CD127) at the peak of the proliferative phase was shown to
identify memory CD8 T cell precursors, and this has been in-
terpreted to indicate that IL-7-mediated signals are sufficient to
allow this small subset of effector cells to survive and differen-
tiate into memory cells (23, 24). Our analysis showed that
�50% of the latecomer T cells expressed CD127 at the peak of
proliferation, as compared with �16% for the cells activated
early in the response (Fig. 3B and discussed further below). An-
other cell surface molecule thought to be involved in memory
CD8 T cell formation is CD27 (25); however, we did not ob-
serve any differences between the control and latecomer OT-I
cells at any of the time points analyzed (data not shown). Thus,
latecomer CD8 T cells exhibit a phenotype indicative of re-
duced stimulation and contribute significantly to the pheno-
typic heterogeneity that is observed at a population level.

Similar proportions of latecomer T cells survive the contraction phase
and persist as memory cells

As mentioned above, IL-7R� has been shown to “mark” mem-
ory CD8 T cell precursors (23, 24). However, although a far
greater proportion (3-fold more) of the day �2 latecomer T

FIGURE 2. Latecomer CD8 T cells exhibit a diminished
and delayed peak of expansion. Four groups of B6
(CD45.2�) mice were immunized with VSV-OVA on day
0. One group of mice did not receive any OT-I cells, whereas
the other three groups received OT-I cells on day �1, day
�2, or day �4, respectively. The endogenous response to
OVA (Endog) in the mice that did not receive any OT-I cells
(None) or in those that received OT-I cells at indicated time
points (d(�1), d(� 2), and d(�4), representing days �1,
�2, and �4, respectively) was tracked using MHC class I
tetramers (Kb-SIINFEKL), whereas the presence of the do-
nor OT-I cells was determined using the congenic marker
CD45.1. A–C, Mice were analyzed at indicated time points
following infection, and numbers were plotted as a percent-
age of total PBL. The response within the mice that did not
receive any OT-I cells (None Endog) is plotted again in B
and C for reference. D and E, The expansion and contraction
of each subpopulation was normalized to the peak of
expansion.

FIGURE 3. Latecomer cells display a phenotype indicative of reduced stim-
ulation. Experiments were performed as in Fig. 2, where mice received day �1
or day �2 OT-I cells and were immunized with VSV-OVA at day 0. The ex-
pression of CD62L (L-selectin) (A) and that of CD25, KLRG1, and CD127
(IL-7R�) (B) on the OT-I cells in the spleen were determined at days 6, 7, 8,
and 9 postinfection. In B, the normalized response kinetics taken from Fig. 2E
(percent peak) are plotted for reference along with the percentage of donor cells
expressing the indicated markers. Also indicated (left panel) is the expression of
the cell surface markers on naive OT-I cells before transfer.
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cells expressed IL-7R� at the peak of their expansion (Fig. 3B),
we were surprised to find that similar proportions of effector
cells differentiated into memory cells (Fig. 4A). Likewise, an
even greater proportion (�70%) of the day �4 OT-I cells ex-
pressed IL-7R� at their peak (data not shown), yet only a small
proportion of them differentiated into memory cells (Fig. 4A).
In fact, the efficiency of memory generation was slightly lower
for the day �4 cells, although this result was not consistently
reproduced. Nonetheless, it is clear that although IL-7 is essen-
tial for CD8 T cell survival during the contraction phase (23,
26), the expression of IL-7R� alone is not sufficient to direct
memory cell differentiation (27).

Memory CD8 T cells have been subdivided into central
memory (TCM) and effector memory (TEM) cells primarily on
the basis of expression of CCR7 and CD62L (28). As noted
above, a greater proportion of latecomer T cells expressed
CD62L during the expansion phase (Fig. 3A), and this differ-
ence continued into the memory phase (Fig. 4B). Thus, based
upon current nomenclature, our data suggest that latecomer T
cells preferentially differentiate into TCM cells (9). However, al-
though TCM cells are thought to reside primarily within sec-
ondary lymphoid organs (28), we found that latecomer mem-
ory CD8 T cells were also present in nonlymphoid organs such
as the liver and small intestinal lamina propria (data not
shown). Thus, the surviving latecomer T cells do not appear to
be identical with the originally defined TCM memory cell
subset.

Memory cells generated from latecomer T cells are functional

We tested surviving OT-I cells for their ability to exhibit func-
tional characteristics of memory T cells. Similar proportions of
day �1, day �2, and day �4 OT-I memory cells produced
IL-2 and IFN-� after in vitro restimulation (data not shown).
Hence, we next determined whether they were capable of re-
sponding to a challenge infection in vivo. Experiments were set
up as before (Fig. 2), and the number of Ag-specific CD8 T cells
present in blood during the memory phase was determined

(Fig. 5). The mice were challenged with Lm-OVA, and the re-
call responses in PBL were determined at day 5 (data not
shown) and day 7 postchallenge (Fig. 5). The latecomer mem-
ory cells greatly expanded in response to the challenge infection.
In fact, before the challenge infection we were sometimes un-
able to observe day �4 memory cells (even upon counting
450,000 cells in the representative shown), and yet even in these
animals we detected impressive expansion following the chal-
lenge. Thus, the latecomer memory cells possess all of the char-
acteristics associated with functional memory and may even ex-
hibit an enhanced proliferative capacity.

In conclusion, we demonstrated for the first time that late-
comer CD8 T cells are imprinted with a unique differentiation
program such that their peak of expansion is delayed compared
with the cells that were recruited early. The latecomer cells also
achieved a reduced burst size and displayed a cell surface phe-
notype indicative of reduced stimulation. However, in contrast
to a recent report demonstrating that latecomer CD8 T cells
were preferentially recruited into the memory pool in response
to Lm-OVA (9), our studies show that this does not hold for
VSV. This finding highlights the contribution of other factors
in addition to the time of recruitment in the process of memory
generation. It is likely that differences in dose and persistence of
Ag as well as the levels of inflammatory cytokines contribute to
the observed differences, and we are currently investigating
these possibilities.
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