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Kinetic studies and short pulses of injected 5-bromo-2-deoxyuridine have been used to analyze the development and renewal of
peripheral CD8� memory T cells in the lungs during primary and secondary respiratory virus infections. We show that developing
peripheral CD8� memory T cells proliferate during acute viral infection with kinetics that are indistinguishable from those of
lymphoid CD8� memory T cells. Secondary exposure to the same virus induces a new round of T cell proliferation and extensive
renewal of the peripheral and lymphoid CD8� memory T cell pools in both B cell-deficient mice and mice with immune Abs. In
mice with virus-specific Abs, CD8� T cell proliferation takes place with minimal inflammation or effector cell recruitment to the
lungs. The delayed arrival of CD8� memory T cells to the lungs of these animals suggests that developing memory cells do not
require the same inflammatory signals as effector cells to reach the lung airways. These studies provide important new insight into
mechanisms that control the maintenance and renewal of peripheral memory T cell populations during natural infections. The
Journal of Immunology, 2003, 170: 5597–5606.

C D8� T cells play a central role in the control of respira-
tory virus infections, such as influenza and parainfluenza
viruses (1–3). These cells possess a number of effector

functions, such as cytolytic activity and secretion of antiviral cy-
tokines, that mediate clearance of the virus (4). Following recovery
from infection, virus-specific CD8� memory T cells persist in the
lymphoid organs in large numbers and are able to mediate accel-
erated responses to secondary infections (1, 5).

Recently, it has emerged that substantial numbers of CD8�

memory T cells also reside in nonlymphoid tissues after viral in-
fections (6–9). It has been estimated that these peripheral memory
cells account for as many as one-half of the total CD8� memory
T cell pool, and their location in peripheral tissues may be an
important asset in combating mucosal infections (6, 8–10). Inter-
estingly, peripheral CD8� memory cells have phenotypic and
functional characteristics that are distinct from those of lymphoid
memory cells (sometimes referred to as central memory cells),
including the expression of acute activation markers and constitu-
tive cytolytic activity (6–8, 11). Based on their partially activated
state and anatomical distribution, peripheral memory cells have
been referred to as effector/memory T cells (12). The functional
and phenotypic characteristics of virus-specific CD4� memory
cells are less well defined (10, 13). However, a similar dichotomy
of lymphoid and nonlymphoid CD4� memory cells has been sug-
gested in other models (14–17).

How memory T cells develop during viral infections and the
relationship between effector/memory cells and lymphoid memory
cells are poorly understood. The developmental pathway of mem-
ory T cells has been the subject of intense investigation. The ob-
servation that in vitro generated effector cells acquire the pheno-
typic characteristics of lymphoid memory cells after transfer to
naive animals supports a linear developmental pathway of effector
cells to memory T cells (18–20). This appears to be a default
pathway, because cognate interactions with processed Ags are not
required (21, 22). Effector cells can also attain memory status dur-
ing viral infections (23). However, it has been suggested that in-
termediates, which did not attain full effector function after pri-
mary stimulation, can also become long-lived memory cells (14).
In support of this suggestion, it was recently shown that Th1 cells
that do not produce IFN-� have greater potential to become long-
lived memory cells than IFN-�-secreting Th1 cells (24). How tran-
sitional populations of memory cells would be maintained or re-
newed during recurrent viral infections is not known. Other
evidence also suggests that acquisition of full effector function is
not necessarily a prerequisite for memory development (25, 26).
For example, heat-killed Listeria monocytogenes has been used to
prime lymphoid CD8� memory T cells without generating large
effector cell populations in vivo (25). In addition, environmental
cytokines can promote the transition of newly activated T cells to
a lymphoid memory phenotype in vitro, without the acquisition of
full effector function (26, 27). To what extent each of these de-
velopmental pathways is used during natural infections is not
known.

In this study, we have used a murine respiratory virus model to
analyze the proliferative response of CD8� memory T cells during
their development. Using kinetic studies and short pulses of in-
jected 5-bromo-2-deoxyuridine (BrdU),4 we show that long-lived
CD8� memory T cells are generated throughout the effector re-
sponse to primary viral infection, at a rate roughly proportional to
the size of the total responding CD8� T cell population. Identical
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patterns of incorporated BrdU in each tissue indicate simultaneous
proliferation by peripheral and lymphoid memory T cells during
their development. The same approach has also been used to an-
alyze CD8� T cell proliferation during secondary infection with
the same virus. We show extensive renewal of virus-specific
CD8� memory T cells in both peripheral and lymphoid tissues. In
mice that have virus-specific Abs, this replacement occurs in the
absence of extensive inflammation or effector cell populations in
the lungs. Our data suggest that a majority of resident CD8� mem-
ory T cells in the lungs are replaced during secondary infection, by
circulating memory T cells that continue to enter the lungs after the
resolution of inflammation. These data provide important new in-
sights into the mechanisms that control memory T cell develop-
ment and renewal in the context of a natural infection.

Materials and Methods
Mice and viral stocks

Female C57BL/6 and B cell-deficient (B6.129S2-Igh-6tmlCgn) mice were
purchased from Taconic (Germantown, NY) or The Jackson Laboratory
(Bar Harbor, ME) and housed under specific pathogen-free conditions. At
8–12 wk of age, mice were anesthetized by i.p. injection with avertin (2,
2, 2-tribromoethanol) before intranasal infection with 125 or 250 50% egg
infectious doses (EID50) of Enders stain of Sendai virus for primary in-
fections and 1,100–10,000 EID50 for secondary infections, as specified.
Sendai virus stocks were grown in chicken eggs, titered, and stored, as
described previously (2)

Sample preparation for flow cytometry

Cells were collected from the lung airways of groups of three or four
animals by bronchoalveolar lavage (BAL) five times in HBSS. Single cell
suspensions were prepared from lung tissues, spleens, and mediastinal
lymph nodes (MLN) by passage through cell strainers. The spleen cells
were depleted of erythrocytes by treatment with buffered ammonium chlo-
ride solution, and adherent cells were removed from BAL and spleen prep-
arations by plastic adherence for 2 h at 37°C. BAL cells were spun through
40% Percoll to remove low density surfactant particles. Cells from disso-
ciated lung tissues were resuspended in 80% isotonic Percoll and overlaid
with 40% isotonic Percoll for centrifugation at 400 � g for 25 min. Cells
were recovered from the 40/80 Percoll interface and washed with HBSS
before further purification by centrifugation over lympholyte-M (Cedarlane
Laboratories, Hornby, Ontario, Canada).

Tetramer analysis and flow cytometry

MHC class I tetramers and peptides specific for the Sendai virus nucleo-
protein (NP)324–332/Kb epitope have been described previously (1, 5). T
cells were stained with APC-conjugated NP324–332/Kb tetramers for 1 h at
room temperature and then stained with PE-conjugated anti-CD8 Abs or
PerCP-conjugated anti-CD4 Abs (BD PharMingen, San Diego CA) for 30
min at 4°C. Fixed samples were analyzed on a BD Biosciences FACS-
Calibur flow cytometer and analyzed using CellQuest software (BD Bio-
sciences, San Diego, CA).

BrdU analysis

BrdU (Sigma-Aldrich, St. Louis, MO) was administered in a single 200 �l
i.p. injection (0.8 mg) in PBS, or added to the drinking water (0.8 mg/ml)
and replaced daily. Organs were harvested at the times indicated, and cell
suspensions were processed, as above. After surface staining for T cell
markers, BrdU content was analyzed, as described previously (28). Briefly,
the cells were washed and treated with 1 ml FACS lysing solution (BD
Biosciences) for 15 min at room temperature, then fixed overnight with 1%
paraformaldehyde/PBS containing 0.05% Nonidet P-40. The cells were
washed again, and cellular DNA was denatured with 50 Kunitz U of bovine
pancreas DNase-1 (Sigma-Aldrich) for 30 min at 37°C. After DNase treat-
ment, the cells were washed in PBS supplemented with 5% FCS and 0.5%
Nonidet P-40 and stained for 45 min at 4°C using FITC-conjugated anti-
BrdU Abs (BD Biosciences).

In vivo cytotoxicity assay

Cytolytic activity was analyzed in vivo, using a modified version of the
method of Ritchie et al. (29). Briefly, spleen cells from uninfected
C57BL/6 mice were pulsed with peptides (10 �M) specific for the Sendai
virus epitope (NP324–332) or influenza virus epitope (NP366–374) for 2 h at

37°C. The peptide-pulsed cells were divided into two equal aliquots and
labeled with CFSE or red bodipy dyes (Molecular Probes, Eugene, OR) for
10 min at 37°C. After extensive washing, the red- and green-labeled spleen
cells with different peptides were mixed at a ratio 1:1. Mice were given
2.5 � 106 cells by i.v. injection. Twenty-four hours later, the spleens of the
recipient mice were analyzed for red- or green-labeled donor cells, as well
as NP324–332/Kb-specific CD8� T cells by four-color FACS analysis.

Intracellular cytokine staining

Nonadherent cells were cultured for 5 h at 37°C in the presence of CFSE-
labeled syngeneic spleen cells, with peptides at 1 �g/ml and brefeldin A at
20 �g/ml. T cells were stained with anti-CD8 and anti-IFN-� Abs in the
presence of brefeldin A (10 �g/ml), as previously described (6). The in-
fluenza virus-specific peptide (hemagglutinin192–207) was used as a speci-
ficity control. The CFSE-labeled feeder cells were excluded during
analysis.

Results
CD8� T cell proliferation during memory development

Ag-specific CD8� T cell populations undergo massive expansion
during the immune response to respiratory virus infections. A large
percentage of the responding CD8� cells are subsequently deleted
during the contraction of the effector response, leaving residual
populations of virus-specific memory cells in both lymphoid and
nonlymphoid tissues, including the lungs (6–8). A key transitional
step in this process is the decline in rate of T cell proliferation and
stabilization as long-lived memory cells. To better understand how
memory T cells are generated during this transition, we have an-
alyzed the proliferation kinetics of developing CD8� memory
cells during acute viral infection. To do this, groups of C57BL/6
mice were given short pulses of BrdU by i.p. injection on different
days after intranasal infection with Sendai virus, as illustrated in
Fig. 1A. This protocol labels cells that are actively synthesizing
DNA, and preliminary studies with tumor cells placed in the peri-
toneum indicate that a bulk of the labeling occurs within 24 h of
the BrdU injection, with very little labeling thereafter (data not
shown). The mice were then left until day 30 after infection, when
the effector response had contracted, and CD8� T cells specific for
the immunodominant epitope (NP324–332/Kb) (30) were collected
from the parenchyma and airways of the lungs and analyzed for
BrdU content, as described (28). Because all the animals were
analyzed on the same day of the response, there were similar num-
bers of virus-specific CD8� memory cells in the tissues of each
animal. However, the frequency of BrdU� T cells, within the
NP324–332/Kb-specific cell population, varied according to the day
of BrdU injection (Fig. 1B). The highest percentages of BrdU�

cells were recovered from the airways and lung parenchyma of
animals injected 8–10 days after primary infection (Fig. 1B). The
numbers of BrdU� CD8� cells were substantially reduced in mice
that were given BrdU later than 10 days after infection, which
correlated with the approximate time of Ag clearance in previous
studies (31). The presence of incorporated BrdU on day 30 after
infection demonstrates that a large proportion of the surviving
memory population stopped dividing before their BrdU was dis-
placed. The kinetics of response also indicates that there was min-
imal proliferation after viral clearance, and demonstrates that de-
veloping memory T cells can retain their BrdU during the
contraction of the effector response.

We next compared the patterns of incorporated BrdU in CD8�

memory T cells from the lungs with memory cells from the sec-
ondary lymphoid organs, using the same protocol and day 30 anal-
ysis as before. The total numbers of NP324–332/Kb-specific CD8�

T cells in each tissue are shown in Table I, and the frequencies of
BrdU� cells within each NP324–332/Kb-specific CD8� T cell pop-
ulation are shown in Fig. 2, A–D. Identical patterns of incorporated
BrdU in each of the four tissues (BAL, lung parenchyma, MLN,
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and spleens) indicate that developing CD8� memory cells from
peripheral and lymphoid tissues proliferated at the same stage of
the response.

Other experiments, in which BrdU was administered by contin-
uous feeding in the drinking water of mice during the first 8 days
of the primary response, resulted in 90% BrdU� NP324–332/Kb-
specific CD8� T cells in the lungs (32), indicating that most pe-
ripheral memory cells were generated during this time period. In
resting animals, the incorporated BrdU remained relatively stable
in Ag-specific CD8� T cells in the lung airways for at least 2 mo
after infection (32). This further suggests that virus-specific effec-
tor/memory cells are maintained in peripheral tissues in a rela-
tively inactive state after viral clearance. Because some investiga-

tors have found that BrdU can be toxic to T cells in certain
circumstances, we also analyzed the numbers of virus-specific
CD8� memory cells in peripheral and lymphoid tissues. ELISPOT
analysis on day 30 after infection showed no difference in the
numbers of NP324–332/Kb-specific CD8� T cells that produced
IFN-�, in animals that were injected with BrdU 9 days after virus
infection, as compared with PBS-treated controls (data not shown).

CD8� T cell proliferation during acute viral infection

In the experiments described above, we used a day 30 analysis to
specifically analyze proliferation in T cells that survived the con-
traction of the effector response. Other studies have shown that in
vitro generated effector cells adopt a memory phenotype after
transfer (18, 19, 22), indicating that they may be an important
source of memory cells. However, effector cells are highly sus-
ceptible to cell death and killed in large numbers at the site of
inflammation. Because of this susceptibility to cell death, it has
been postulated that effector cells that are generated late in the
immune response are most likely to become memory T cells (33).
If this were the case, we would expect to find different patterns of
incorporated BrdU during acute viral infection and in long-lived
memory cells. To investigate this possibility, we compared the
BrdU content of virus-specific CD8� memory T cells on day 30
after infection (Fig. 2, A–D), with the kinetics of T cell prolifer-
ation during acute viral infection (Fig. 2, E–H). In this study,
C57BL/6 mice were treated with BrdU on different days after Sen-
dai virus infection, as previously. Each group of mice was sacri-
ficed 24 h after the BrdU injections, and the BAL, lung paren-
chyma, MLN, and spleens were analyzed for total numbers of
BrdU� NP324–332/Kb-specific CD8� T cells.

After a primary Sendai virus infection, the first virus-specific
CD8� T cells can be detected in the MLN on day 6 after viral
infection (data not shown). In this study, mice that were injected
with BrdU on day 6 after infection had detectable populations of
BrdU� virus-specific CD8� T cells in each of the tissues (BAL,
lung, MLN, and spleen) by day 7. The numbers of these cells
increased until day 9 after infection (Fig. 2, E–H), which was
consistent with the kinetics of the T cell response in other studies.
There were large numbers of BrdU� CD8� T cells in the lung
airways, indicating the presence of a large effector cell population
at the site of infection (Fig. 2E). Mice that were given BrdU on day
5 after viral infection, but were not analyzed until after the con-
traction of the effector response (day 30), also revealed a small
percentage of NP324–332/Kb-specific CD8� T cells that contained
BrdU. A direct comparison between the kinetics of BrdU incor-
poration during acute viral infection (Fig. 2, E–H) and the per-
centage of CD8� memory cells that retained BrdU on day 30 (Fig.
2, A–D) revealed a close correlation at each time point of the
analysis. The only exception was the day 10 time point, in which
there was a small shift in the kinetics of BrdU incorporation be-
tween the two analyses (�24 h). However, the shift was of insuf-
ficient magnitude to indicate that effector cells that were generated

Table I. Numbers of NP324–332/Kb-specific CD8� T cells on day 30
after infection

Infection
No. of
Mice

No. of cells � 10�4 (SD)

BAL Lung MLN Spleen

Primarya 15 5 (2.3) 2.3 (1.3) 4.8 (0.6) 170 (56)
Secondaryb 18 2.2 (0.8) 2.7 (1.9) 3.9 (1.3) 300 (1.30)

a C57BL/6 mice infected with 250 EID50 Sendai virus.
b C57BL/6 mice were reinfected with 10,000 EID50 Sendai virus on day 60 after

primary infection.

FIGURE 1. BrdU incorporated during the acute response to Sendai vi-
rus infection is retained in peripheral memory cells. Groups of C57BL/6
mice were intranasally infected with 125 EID50 of Sendai virus and then
administered 800 �g BrdU/PBS by i.p. injection on different days postin-
fection (as illustrated in the schedule of injections (A)). The schematic
shows the numbers of NP324–36/Kb-specific CD8� T cells in the MLN
during a representative primary infection. Thirty days after infection, each
group of animals was sacrificed, and the NP324–332/Kb-specific CD8� T
cells in the airways (BAL) and lung parenchyma were analyzed for BrdU
content (B). CD8� T cells were stained with APC-conjugated class I tet-
ramers, PE-conjugated anti-CD8, and FITC-conjugated anti-BrdU Abs.
The numbers indicate the percentages of NP324–332/Kb-specific CD8� T
cells that were BrdU� at the time of analysis. One of four independent
experiments is shown.
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late in the response had a significant selective advantage in be-
coming long-lived memory cells, and may have been due to some
ongoing cell proliferation in the memory cell population. It was
clear that a percentage of T cells that proliferated early in the
response (day 6) stopped dividing before their BrdU was displaced
and survived to become long-lived memory cells, while other cells
that proliferated several days later (day 10) were deleted in large
numbers. Overall, these data indicate that T cells that proliferated
at each stage of the response had a similar chance of becoming
long-lived memory cells (�20% in the tissues analyzed). Similar
results were recently reported using CFSE analysis after lympho-
cytic choriomeningitis virus infection (23).

Renewal of peripheral CD8� memory T cells during secondary
infection

Analysis of the primary response indicated that the proportion of
proliferating CD8� T cells that survived to become long-lived
memory cells was roughly proportional to the size of the total
responding cell population during acute viral infection (Fig. 2). We
next investigated how surviving memory cells were reused during
secondary infection, and whether there was a similar correlation
between the kinetics of T cell proliferation during acute viral in-
fection and the pattern of incorporated BrdU in long-lived memory
cells. In the first series of experiments, B cell-deficient mice
(�MT) were reinfected with Sendai virus (300 EID50) on day 60
after primary infection. Groups of six mice were then given BrdU
on different days after infection, as in Fig. 1. Three mice from each
group were sacrificed 24 h after their BrdU injection (Fig. 3, A–D).
All the others were analyzed in groups on day 30 after infection
(Fig. 3, E–H).

In the mice that were analyzed 24 h after BrdU injection, the
highest numbers of NP324–332/Kb-specific CD8� T cells that con-
tained BrdU were found in mice given BrdU on day 6 after sec-
ondary infection, which was consistent with the faster kinetics of
secondary CD8� T cell responses in other studies (1). Similar
patterns of incorporated BrdU were also found in the day 30 anal-
ysis, indicating a close correlation between the size of the total
responding cell population during acute viral infection (Fig. 3,
A–D) and the percentage of memory cells that retained BrdU on

day 30. A maximum percentage of 40–50% BrdU� T cells in each
tissue indicated extensive renewal of the peripheral and lymphoid
memory T cell pools. Identical patterns of incorporated BrdU in
each tissue also indicated that peripheral and lymphoid memory
cells proliferated at the same stage of the response.

Renewal of peripheral CD8� memory T cells in Ab-sufficient
animals

Sendai virus infections induce protective Ab responses that last for
the life of the animal (34). However, protective cellular immunity
is relatively short-lived and correlates closely with the numbers of
virus-specific CD8� memory T cells in the lungs (3, 35). Because
of this decline in protective cellular immunity, boosting the num-
bers of memory T cells in peripheral tissues is an important pri-
ority in vaccine development. For this reason, we investigated
whether secondary infection of mice with virus-specific Abs would
induce proliferation and renewal of virus-specific CD8� memory
T cells. Thus, we challenged Sendai virus-immune mice with a
large dose virus (10,000 EID50), which is �10 times the lethal
dose for 50% of naive animals (LD50), on day 60 after primary
viral infection. Groups of six mice were then given BrdU by i.p.
injection on different days after secondary infection, as before.
Three mice from each group were analyzed 24 h after their BrdU
injections (Fig. 4, A–D). All the other animals were analyzed on
day 30 after infection (Fig. 4, E–H).

In the mice that were analyzed 24 h after their BrdU injections,
there were large numbers of BrdU� NP324–332/Kb-specific CD8�

T cells in the lymphoid organs (Fig. 4, C and D). The kinetics and
magnitude of the response were similar to the response in B cell-
deficient mice. This demonstrated extensive virus-specific CD8� T
cell proliferation after secondary viral infection in presence of im-
mune Abs. There were similar numbers of BrdU� NP324–332/Kb-
specific CD8� T cells in the lymph organs at the peak of the
response to secondary viral infection, to the numbers in the lymph
organs at the peak of the response to primary infection (Fig. 2, G
and H). However, there were only very small numbers of BrdU�

CD8� T cells in the lungs at each time point of the analysis (Fig. 4,
A and B). As a result, there were 16 times fewer BrdU� NP324–332/
Kb-specific CD8� T cells in the lung airways than in the MLN at the

FIGURE 2. Similar patterns of BrdU incorporation in developing peripheral and lymphoid CD8� memory T cells. Groups of C57BL/6 mice were given
BrdU by i.p. injection on different days after Sendai virus infection. Thirty days after infection, each group of mice was sacrificed, and the BAL (A), lung
parenchyma (B), MLNs (C), and spleens (D) were analyzed for numbers of NP324–332/Kb-specific CD8� T cells that contained BrdU. Three separate time
courses, with three mice per group, gave virtually identical results. To analyze T cell proliferation during acute viral infection, C57BL/6 mice were given
BrdU on different days after Sendai virus infection, as indicated. Twenty-four hours after BrdU injection, each group of mice was sacrificed and analyzed
for NP324–332/Kb-specific CD8� T cells that contained BrdU in BAL (E), lung parenchyma (F), MLN (G), and spleen (H). Two separate time courses, with
four mice per time point, gave very similar results.
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peak of the secondary response. This compared with a 5-fold larger
number of BrdU� NP324–332/Kb-specific CD8� T cells in the air-
ways, as compared with the MLN, at the peak of the response
to primary infection (Fig. 2, E and G). This indicated that rel-
atively small numbers of effector cells entered the lungs after
secondary infection, as compared with the primary response,
and suggested that there may be very different inflammatory
responses in the lungs after primary and secondary infections of
Ab-sufficient mice.

Large populations of BrdU� CD8� T cells were also detected in
the mice that were analyzed on day 30 after secondary infection
(Fig. 4, E–H). By this time, there were identical patterns of BrdU
incorporation in each tissue, including the lung airways. The ki-
netics of the response, and maximum values of BrdU incorporation
on day 30 (50%), were remarkably similar to the values found in
B cell-deficient mice (Fig. 3). Because there were very similar
numbers of virus-specific CD8� T cells in each tissue on day 30
after primary and secondary viral infections (Table I), the high

FIGURE 3. Renewal of peripheral CD8� memory T cells during secondary infection. To analyze CD8� T cell proliferation during secondary infection,
B cell-deficient mice were reinfected with 300 EID50 Sendai virus on day 60 after primary infection. BrdU was administered to groups of six mice on
different days after secondary infection, as indicated. Twenty-four hours after BrdU injection, three mice from each group were analyzed for the total
numbers of NP324–332/Kb-specific CD8� T cells in BAL (A), lung parenchyma (B), MLN (C), and spleen (D). The other three mice in each group were
left until day 30 after infection and analyzed for the percentages of NP324–332/Kb-specific CD8� T cells that contained BrdU in the BAL (E), lung
parenchyma (F), MLN (G), and spleen (H). The disorganized structure and high percentage of autofluorescent cells in the spleens of B cell-deficient mice
reduced the quality of staining at some time points in D and H.

FIGURE 4. Renewal of peripheral CD8� T memory cells in Ab-sufficient mice. To analyze T cell proliferation in the presence of neutralizing Abs,
groups of six C57BL/6 mice were given a large dose of Sendai virus (10,000 EID50) on day 60 after primary infection. BrdU was administered on different
days after secondary infection, as in Fig. 3. Twenty-four hours after BrdU injection, three mice from each group were analyzed for the total numbers of
NP324–332/Kb-specific CD8� T cells in BAL (A), lung parenchyma (B), MLNs (C), and spleen (D). The remaining three animals in each group were left
until day 30 after infection and analyzed for the percentages of NP324–332/Kb-specific CD8� T cells that contained BrdU in the BAL (E), lung parenchyma
(F), MLN (G), and spleens (H). Two similar time courses gave virtually identical results.
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frequencies of BrdU� NP324–332/Kb-specific CD8� T cells in each
tissue (50%) indicated extensive renewal of both peripheral and
lymphoid CD8� memory T cell pools after secondary infection.
This renewal took place in the presence of immune Abs.

Because we used a lethal dose of virus for secondary challenge,
a 100% survival rate indicated that all the animals were success-
fully immunized during primary viral infection. This high dose of
virus induced extensive renewal of both peripheral and lymphoid
memory T cell populations. However, it was unclear whether re-
newal of virus-specific CD8� memory T cells would also occur in
the presence of immune Abs using a lower dose of virus. Rela-
tively low levels of T cell proliferation may be sufficient to sub-
stantially increase the numbers of virus-specific memory cells in
circulation. We used a slightly different protocol to investigate this
issue. For this experiment, virus-specific CD8� memory T cells
were labeled by adding BrdU to the drinking water (0.8 mg/ml)
during days 4–17 after primary infection, when most memory cells
are generated (32). On day 17 after primary infection, the mice were
returned to normal drinking water for the remainder of the experi-
ment. In the absence of reinfection, 85–95% of the NP324–332/Kb-
specific CD8� T cells remained BrdU� until day 68 after primary
viral infection (Fig. 5). On day 60, groups of five BrdU-treated mice
were reinfected with varying doses of Sendai virus, as shown. Eight
days after secondary infection, the mice were sacrificed, and the per-
centages of NP324–332/Kb-specific CD8� T cells that retained their
BrdU� in the BAL, lungs, MLN, and spleens were compared with the
percentages in control animals that did not get a secondary viral in-
fection (Fig. 5). Decreased percentages of BrdU� cells were found in
all four tissues of each group of mice that received a secondary dose
of Sendai virus. This indicated detectable levels of T cell proliferation
at each dose of virus tested. The greatest decreases in percentages of
BrdU� cells were detected in the BAL and lungs. Because there was
no detectable increase in numbers of virus-specific CD8� memory

cells in the lungs (data not shown), there was also some deletion
during the renewal process.

Delayed recruitment of CD8� memory T cells to the lung
airways during the secondary infection

Although large numbers of virus-specific CD8� T cells incorpo-
rated BrdU in the lymph organs after secondary infection of im-
mune competent animals (Fig. 4, C and D), relatively few BrdU�

cells were detected in the lung airways during acute viral infection
(Fig. 4A). By day 30 after infection, there were similar percentages
of BrdU� cells in each tissue (Fig. 4, E–H), indicating that pe-
ripheral memory cells ultimately reached the lung airways. This
indicated that 24 h may not be sufficient time for developing pe-
ripheral CD8� memory T cells to reach the lung airways of im-
mune competent animals, after BrdU incorporation. Thus, we fur-
ther investigated the kinetics of T cell recruitment to the lung
airways by following the rate of BrdU incorporation in each tissue
at short time intervals after injection. The data shown in Figs. 2
and 4 were used to identify the maximum periods of BrdU incor-
poration during primary and secondary infections of C57BL/6
mice. BrdU was then injected during the peak proliferative phase
of the response (i.e., day 7 after primary infection and day 4 after
secondary infection). At varying times after BrdU injection,
groups of three mice were sacrificed and analyzed for virus-spe-
cific CD8� T cells in the BAL, lungs, MLN, and spleens, during
the subsequent 72 h (Fig. 6).

When BrdU was injected on day 7 after primary viral infection,
a majority of the virus-specific CD8� T cells had incorporated
BrdU within 6 h of the injection, and there was very little differ-
ence between the individual tissues. Because naive T cells are
believed to initiate cell division in the peripheral lymph organs
before migrating to the lung airways (36), and some evidence sug-
gests that lung environment may not support CD8� T cell prolif-
eration (32), these data indicated a very rapid transit time from the
lymph organs to the lungs. In contrast, when BrdU was injected on
day 4 after secondary infection, there were very different patterns

FIGURE 5. Reduced frequencies of BrdU� CD8� memory T cells after
secondary infection of Ab-sufficient mice. To analyze memory CD8� T
cell proliferation in response to varying doses of virus, BrdU was added to
the drinking water (0.8 �g/ml) of C57BL/6 mice between days 4 and 17
after primary infection. On day 17, the mice were returned to normal drink-
ing water. Sixty days after primary infection, groups of five mice were
reinfected with varying doses of Sendai virus (none, 1,100 EID50, 3,300
EID50, or 10,000 EID50). On day 8 after secondary infection, all the mice
were sacrificed, and the BAL, lungs, MLN, and spleens were analyzed for
changes in the percentages of NP324–332/Kb-specific CD8� T cells that
contained BrdU. Due to low numbers, the cells from the lung airways (A)
and lung parenchyma (B) were analyzed in pools from five animals. The
MLN (C) and spleens (D) were analyzed from individual animals (�, p �
0.05 in Student’s t test).

FIGURE 6. Delayed recruitment of Ag-specific CD8� T cells to the
lung airways during secondary infection. C57BL/6 mice were infected with
primary (250 EID50) or secondary (10,000 EID50) doses of Sendai virus at
60-day intervals. Each animal was given a single BrdU injection on either
day 7 after primary infection (F) or day 4 after secondary infection (E).
Groups of three mice were sacrificed at varying times after BrdU injection,
as shown, and the BAL (A), lung parenchyma (B), MLN (C), and spleens
(D) were analyzed for the percentages of NP324–332/Kb-specific CD8� T
cells that contained BrdU. Three independent experiments gave similar
results.
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of BrdU incorporation in the different tissues. As expected, very
few virus-specific CD8� T cells that contained BrdU reached the
lung airways of the immune mice between 0 and 24 h after injec-
tion (Fig. 6A), and the percentage remained below 10% until 48 h
after injection. This pattern of BrdU incorporation differed sub-
stantially from the patterns in the other tissues. At 6 h after BrdU
injection, there were high percentages of BrdU� NP324–332/Kb-
specific T cells in the MLN and spleens. Smaller percentages of
BrdU� T cells were also detected in the lung parenchyma by
12–24 h after injection. These data suggested that the lymph or-
gans were an important site of T cell proliferation, not only in
naive animals, but also during the renewal of second-generation
CD8� memory T cells in mice with immune Abs. Importantly,
although most of the second-generation memory cells incorporated
BrdU during days 5 and 6 after infection, the peripheral memory
cells were not recruited to the airways of the immunocompetent
animals until 2 or more days later.

Circulating CD8� effector T cells accumulate in the spleen after
secondary infection

Efficient priming of CD8� memory T cells without effector cell
generation was recently reported using heat-killed Listeria (25).
We therefore considered the possibility that, in the presence of
virus-specific Abs, CD8� memory T cells had also been generated
in the absence of effector cells. However, as shown in Fig. 7A,
when mice were analyzed 24 h after the BrdU injections, dispro-
portionately large numbers of nonproliferating virus-specific
CD8� T cells were found in the spleens on day 8 after secondary
infection. It is likely that these cell populations included residual
nonproliferating memory cells that were generated during primary
viral infection, in addition to the nascent cell populations that were
generated after secondary infection. To determine whether the vi-
rus-specific CD8� T cells in the spleens included effector cells, we
analyzed for cytolytic activity in vivo (29). Spleen cells from un-
infected mice were pulsed with peptides and labeled with CFSE or
red bodipy. After transfer, CFSE-labeled spleen cells that had been
pulsed with Sendai virus-specific peptides (NP324–332) were de-
leted from day 8 infected mice, while red bodipy-labeled spleen
cells that had been pulsed with influenza virus-specific peptides
remained (Fig. 7E). The reciprocal experiment gave identical re-
sults (Fig. 7G), and neither transferred cell population was deleted
from uninfected control mice (Fig. 7, D and F). In other experi-
ments, spleen cells that were recovered from Sendai virus-infected
mice 8 days after secondary infection produced IFN-� in response
to in vitro stimulation with Ag (Fig. 7H). Together these data in-
dicated that both effector cells and CD8� memory T cells were
generated during secondary infection of immune competent mice.
The high numbers of BrdU-negative cells in the spleens on day 8
indicated that CD8� cells that had proliferated earlier in the re-
sponse entered the circulation in large numbers during acute viral
infection. These cells were presumably disseminated throughout
the entire periphery of the animals (8, 16) and remained in the
circulation for at least 24 h. After proliferation, large numbers of
nondividing cells were later filtered out in the spleens in which
effector cells are suggested to leave the circulation (33). Together,
these data indicated that an absence of circulating effector cells
was not responsible for the delayed recruitment of BrdU� T cells
to the lung airways during secondary infection of immune com-
petent animals.

Altered recruitment of inflammatory cells to the lung airways
following primary and secondary viral infections

The difference in numbers of BrdU� CD8� T cells to the lung
airways after primary and secondary infections of immune com-

petent animals (Fig. 6A) suggested that there may be fundamen-
tally different inflammatory responses in the lungs during the two
infections. To further investigate this difference, BAL cells were
collected at the peak of the response to each infection, and ana-
lyzed using H&E-stained cytospins for standard differential anal-
ysis (Fig. 8). BAL cells that were recovered 9 days after primary
infection (Fig. 8A) were a heterogeneous mixture of macrophages
(63%) with dense vacuolated cytoplasm, neutrophils (17%) with
highly segmented nuclei, lymphocytes (12%), and small numbers
of other unidentified cells (8%). A similar composition of BAL

FIGURE 7. Effector cells accumulate in the spleens after secondary in-
fection of immune competent animals. A, C57BL/6 mice were infected
with 10,000 EID50 Sendai virus on day 60 after primary infection. BrdU
was given by i.p. injection on the days indicated, and the mice were sac-
rificed 24 h after BrdU injection. Total NP324–332/Kb-specific CD8� T cells
(F) and BrdU� NP324–332/Kb-specific CD8� T cells (E) are shown. To
measure cytolytic activity in vivo, uninfected (B, D, and F) or day 8 sec-
ondary infected mice (C, E, and H) were given CFSE-labeled NP324–332-
pulsed spleen cells, mixed 1:1 with red bodipy-labeled influenza virus
NP366–374-pulsed cells (D and E). Other mice were given red bodipy-la-
beled spleen cells with NP324–332 peptides, and CFSE-labeled cells with
influenza NP366–374 peptides (F and G). The spleen cells of the recipient
mice were analyzed for NP324–332/Kb-specific CD8� T cells and donor
spleen cells 24 h after transfer. Five individual animals gave identical re-
sults. We also investigated whether the virus-specific CD8� T cells in the
spleen were able to make IFN-� in vitro (H). Spleen cells were recovered
70 days after primary infection or day 8 after secondary infection and
stimulated in vitro with the Sendai virus-specific peptide NP324–332 or the
influenza virus control peptide NP366–374. Nonadherent cells were analyzed
for NP324–332/Kb-specific CD8� T cells and IFN-� expression. BAL cells,
harvested 10 days after primary infection, were used as a positive control.
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was also recovered from B cell-deficient mice 4 days after sec-
ondary infection (Fig. 8B). However, much smaller numbers of
BAL cells were recovered from Ab-sufficient mice (Fig. 8C),
which were primarily macrophages (90%), with a mixed popula-
tion of other cells, including small numbers of lymphocytes. Very
few neutrophils were detected (less than 2%). Other time points
gave similar results (Fig. 8, D and E). The difference in composi-
tion of the BAL cells confirmed very different levels of inflam-
mation in the lungs during primary and secondary infections in
Ab-sufficient mice. These data indicate that different inflammatory
signals control the recruitment of effector cells and peripheral
CD8� memory cells to the lung airways during viral infection.

Discussion
Short BrdU pulses have been used to analyze the proliferative
response of Sendai virus-specific CD8� T cells, during the devel-
opment and renewal of lymphoid and peripheral memory popula-
tions. The data show that BrdU that is incorporated during the
acute phase of the immune response is retained by long-lived rest-
ing memory cells for several weeks after infection, and is not sub-
stantially displaced by low level homeostatic turnover (37, 38). We
have used the patterns of BrdU incorporation generated before the
contraction of the effector response to determine the kinetics of T
cell proliferation during memory development. We find an almost
perfect correlation between the kinetics of T cell proliferation dur-
ing acute viral infection, and the pattern of BrdU incorporation in
long-lived CD8� memory T cells. This tight correlation indicates
that CD8� memory T cells are generated at all times during the
effector response, and there is no evidence that T cells that prolif-
erate late in the response have a selective advantage in becoming
memory cells. Similar results have recently been reported for lym-
phocytic choriomeningitis virus infection (23). Furthermore, a sub-
stantial proportion of memory cells that proliferate early in the
response stop dividing before they lose their BrdU. Identical pat-
terns of incorporated BrdU in the lungs, MLN, and spleens also
indicate that CD8� memory cells from lymphoid and peripheral
tissues proliferate at the same time.

The initiating events of a primary immune response have been
well characterized. Adaptive immunity develops when specialized
APCs carry processed viral Ags to the lymph organs, where they
are presented to naive T cells (33). After proliferation, differenti-
ated effector cells migrate to the lungs in response to inflammation.
Effector cells are highly susceptible to cell death, and killed in
large numbers at the site of inflammation. However, the response
to a secondary infection is less well defined. Memory cells have
less rigorous requirements for costimulatory signals than naive T
cells, and can respond to a variety of different APCs (39, 40).
These differences might suggest quite different responses by naive
T cells and virus-specific memory cells during primary and sec-
ondary infections.

In this study, we have compared CD8� T cell responses to pri-
mary and secondary Sendai virus infections in mice capable of
making immune Abs. Although primary Sendai virus infection in-
duces strong anti-viral Ab responses in C57BL/6 mice (34), we
find extensive proliferation by virus-specific CD8� T cells soon
after secondary infection. The kinetics and magnitude of this re-
sponse are similar to the response of B cell-deficient mice; how-
ever, a majority of the proliferating CD8� T cells are detected in
the lymph organs with very reduced inflammatory responses and
only very small numbers of BrdU� CD8� T cells in the lungs
during acute viral infection. This did not appear to be due to a
shortage of effector cells in the circulation, because virus-specific
CD8� T cells accumulated the spleens later in the response (Fig.

FIGURE 8. Composition of BAL cells after primary and secondary
Sendai virus infections. BAL cells were attached to microscope slides by
low speed centrifugation and stained with H&E dyes. Examples of BAL
cells that were stained 9 days after primary Sendai virus infection (A), 4
days after secondary infection (300 EID50) of B cell-deficient mice (B), and
4 days after secondary infection (10,000 EID50) of Ab-sufficient C57BL/6
mice (C) are shown. Macrophages/monocytes (�), neutrophils (Œ), and
lymphocytes (E) from individual mice were counted at different times after
secondary infection of B cell-deficient mice (D) and Ab-sufficient C57BL/6
mice (E).
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8). Cytolytic activity in vivo and IFN-� production in vitro indi-
cated that functional effector cells were also present in the spleen.
A majority of the T cells in the spleens were BrdU negative, in-
dicating that they remained in the circulation for at least 24 h after
dividing. Together these data indicate that the signals that induced
effector cell migration to the lungs during primary viral infection
were not present after secondary infection of immune competent
animals. However, because there were identical patterns of incor-
porated BrdU in each tissue on day 30 after infection, it was clear
that some second-generation peripheral memory cells reached the
lung airways later in the response. These data are consistent with
an active process of recruitment by short-lived effector cells to the
lungs during inflammation. Disseminated peripheral CD8� mem-
ory cells continued to enter the lungs after inflammation had re-
solved, indicating a response to different signals in the lungs, or a
more passive process of recruitment from the circulation.

It is possible that developing memory cells are refractory to the
signals that attract effector cells to the inflammatory site, and might
thus represent an intermediate level of differentiation (14, 41). Dif-
ferences in the homing potential by subsets of human memory T
cell have previously been suggested (42), and also in animal mod-
els using transfer studies (20). More recently, it was shown that
Th1 cells that do not produce IFN-� have a greater potential to
become long-lived memory cells than IFN-�-secreting Th1 cells
(24). How these homing differences might influence T cell re-
sponses during natural infections is not known. In a situation in
which developing memory cells failed to respond to the signals
that draw effector cells to the inflammatory site, the kinetics of
BrdU incorporation by the developing memory cells would remain
independent of the effector response in the lungs, as shown in this
study. The advantage of this situation would be to protect devel-
oping memory cells from deletion at the site of inflammation.

The observation that live virus can induce CD8� T cell prolif-
eration in the presence of immune Abs has important implications
for the development of vaccines designed to boost cellular immu-
nity. Protective cellular immunity to respiratory virus infections
declines as the numbers of memory cells in the lung decrease (3,
35). It is therefore important to find safe methods of boosting the
numbers of peripheral memory cells in the lungs. In our study, a
large dose of virus was used for secondary challenge, without any
mortality or morbidity. Lower doses of virus also induced detect-
able levels of cell division in peripheral CD8� memory T cell
populations. This assay may be more sensitive if lower (more
physiological) doses of virus were used during primary challenge,
or later time intervals were used for secondary challenge.

In summary, our data show that CD8� memory T cells are gen-
erated at all times during the acute response to Sendai virus infec-
tion, and find little evidence that straggling effector cells or in-
flammation play a major role in molding the memory response.
Because BrdU is not displaced from memory cells that proliferate
in the early response, these data also indicate that many memory
cells stop dividing as the effector cells are deleted. A relatively
fixed portion of the responding CD8� T cells is diverted toward
memory development during acute viral infection, providing a po-
tential explanation for the correlation between the clonal burst size
and the numbers of memory cells detected in other studies (43). In
addition, we have shown that secondary infection of mice with
virus-specific Abs can induce extensive renewal of CD8� memory
T cell populations in both peripheral and lymphoid tissues. This
replacement takes place in the absence of substantial inflammation
or effector cell populations in the lungs. Because Sendai virus is
not a systemic infection, our data indicate that a majority of the T
cell proliferation takes place in the secondary lymphoid organs,
where the earliest BrdU incorporation is detected (Fig. 6C). Rel-

atively low levels of T cell proliferation may be sufficient to sub-
stantially augment the numbers of memory T cells in peripheral
tissues between viral infections. In this study, we have shown de-
tectable levels of CD8� T cell proliferation in response to three
different doses of virus, using a single time point for secondary
infection (day 60 after primary infection). Longer time intervals, or
exposure to other viral infections, between primary and secondary
challenge may result in T cell proliferation in response to smaller
doses of virus.
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