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Activated and Memory CD8™ T Cells Can Be Distinguished by
Their Cytokine Profiles and Phenotypic Markers*

Mark K. Slifka ? and J. Lindsay Whitton

Dissecting the mechanisms of T cell-mediated immunity requires the identification of functional characteristics and surface
markers that distinguish between activated and memory T lymphocytes. In this study, we compared the rates of cytokine pro-
duction by virus-specific primary and memory CD8* T cells directly ex vivo. Ag-specific IFN<y and TNF-« production by both
primary and long-term memory T cells was observed in=60 min after peptide stimulation. Although the on-rate kinetics of
cytokine production were nearly identical, activated T cells produced more IFNy, but less TNF«, than memory T cells. Ag-
specific cytokine synthesis was not a constitutive process and terminated immediately following disruption of contact with peptide-
coated cells, demonstrating that continuous antigenic stimulation was required by both T cell populations to maintain steady-state
cytokine production. Upon re-exposure to Ag, activated T cells resumed cytokine production whereas only a subpopulation of
memory T cells reinitiated cytokine synthesis. Analysis of cytokine profiles and levels of CD8, LFA-1, and CTLA-4 together
revealed a pattern of expression that clearly distinguished in vivo-activated T cells from memory T cells. Surprisingly, CTLA-4
expression was highest at the early stages of the immune response but fell to background levels soon after viral clearance. This
study is the first to show that memory T cells have the same Ag-specific on/off regulation of cytokine production as activated T
cells and demonstrates that memory T cells can be clearly discriminated from activated T cells directly ex vivo by their cytokine
profiles and the differential expression of three well-characterized T cell markers. The Journal of Immunology, 2000, 164:
208-216.

D8" T cells are critical for controlling many viral infec- effector CD8™ T cell response, as demonstrated by the ability to

tions (1) and are central to vaccine-induced antiviral im- lyse virus-infected target cells directly ex vivo, occurs-& days

munity (2, 3). During the primary response to an acutepostinfection (p.i.). The effector phase of the immune response :
viral infection, naive CD8 T cells are driven in a predominantly declines sharply by 20-30 days p.i., but protection against sec-
Ag-specific manner to become effector T cells (4—6). After re-ondary challenge is maintained by a stable population of memory
solving the infection, the majority of virus-specific T cells die by CD8" T cells (9). In the absence of pre-existing antiviral Abs,
activation-induced cell death (7, 8), but a population of memory Tthese cells can protect against a subsequent viral challenge (21). |
cells is stably maintained for life; up to 2 years in mice (9) and BALB/c mice, >95% of the CD8 T cell response is mounted
35-50 years in humans (10). Several murine surface markers diggainst a single immunodominant epitope, LCMV NP ;,4(33),
tinguish naive T cells from activated/memory T cells, including and studies comparing TCRAWsage and CDR3 length in CD8
CDl11a, CD11b, CD44, CD62L, and peanut lectin agglutinin (9, T cells indicate that memory T cells are stochastically selected o
11-15), but there are currently no surface markers that can be uséem this primary T cell pool (34). The LCMV model system
to distinguish activated T cells from memory T cells in normal therefore provides the unique opportunity to compare activated
mice (16-18). and memory T cell populations that have the same Ag specificity =

Infection of adult mice with the natural murine pathogen lym- and conserved CDR3 andpVusage in a nontransgenic mouse

phocytic choriomeningitis virus (LCMVJ, provides one of the model.
best-characterized model systems for studying antiviral T cell re- In this study, we compared virus-specific cytokine production
sponses and cytokine production (4, 5, 17, 19-26). LCMV infec-by activated T cells at the peak of the effector T cell response to
tion is cleared within 8—10 days, predominantly by CDB cells  that of long-term memory T cells. After peptide stimulation di-
(27-30) in a perforin-dependent manner (31, 32). The peak of theectly ex vivo, both activated and memory CD§ cells initiated
cytokine production within 60 min, and the maximum number of
responding antiviral T cells was attained within 4—6 h poststimu-
Department of Neuropharmacology, The Scripps Research Institute, La Jolla, CAation. Remarkably, disruption of T cell contact with peptide-
92037 coated APCs resulted in the immediate termination of cytokine
Received for publication July 30, 1999. Accepted for publication October 12, 1999.production in both populations, and re-exposure to specific peptide
The costs of publication of this article were defrayed in part by the payment of pageAg led to reinitiation of cytokine production by the majority of
charges. This article must therefore be hereby madddrtisemenin accordance activated T cells and a subpopulation of memory T cells. Thus,

with 18 U.S.C. Section 1734 solely to indicate this fact. i X
PR ) _ ) both primary and memory T cells were able to cycle cytokine
This is manuscript number 12193-NP from The Scripps Research Institute. The

work was supported by National Institutes of Health Grant Al-27028 (to J.L.w.). Production on, off, and on again in an exquisitely sensitive re-
M.K.S. was supported by National Institutes of Health Training Grant T32 sponse to Ag contact. Virus-specific CDF cells expressed high

MH-19185-09. levels of LFA-1 (CD11a/CD18) at all time points examined, thus

2 Address correspondence and reprint requests to Dr. Mark K. Slifka, Department o& irmi i i it ichi i
g onfirming its usefulness in distinguishing activated/memory T
Neuropharmacology, CVN-9, The Scripps Research Institute, 10550 North Torrey 9 9 9 y
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Pines Road, La Jolla, CA 92037. E-mail address: mslifka@scripps.edu cells from naiV_e T cells. Dire_Ct ex vivo expre_ssion of CTLA'4
3 Abbreviations used in this paper: LCMV, lymphocytic choriomeningitis virus; NP, (CD1_52) was limited to the f_'rs_t 4__8 _days p' _and decllr_wed to
nucleoprotein; p.i., postinfection; MFI, mean fluorescence intensity. baseline levels by 15 days p.i., indicating that it is predominately
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found in virus-specific CD8 T cells during the early in vivo cells from LCMV-infected mice (at day 8 p.i.). No IFM-production by
stages of T cell activation. CD8 expression on antiviral T cells wasVirus-specific CD8 T cells was observed.) The nonbiotinylated spleno-
high at early time points (4—6 days p.i.) but was substantiallycytes were recovered by collecting 100 of supernatant which was im-

. . mediately added to wells containing> 10° peptide-coated or uncoated
down-regulated by 815 days p.i. before returning to normal levelgj,pjast APCs (prewarmed to 37°C) to observe the off rate of cytokine

on the surviving memory T cells examined between 30 and 30GQroduction. Brefeldin A (Sigma) was added to a final concentration of 2
days p.i. These results demonstrate that although memory T celigg/ml for the final 60 min of culture to facilitate intracellular cytokine
are similar to activated T cells in terms of their on/off rates of accumulation. Cycloheximide (Sigma) was added to a group of peptide-

o . . stimulated cultures at a final concentration of 10@ml. One group of
Ag-specific cytokine production, memory T cells can be Clearlycultures was stimulated with soluble anti-CD3 (28/ml) and anti-CD28

distinguished from both activated and naive T cells by the differ-(2.5 ,g/mI; PharMingen) and assayed under the same conditions as the
ential expression of CD8, LFA-1, and CTLA-4. Together, thesepeptide-stimulated cultures described above. At the indicated time points,
findings document functional and phenotypic changes that occur &¢lls were removed from the culture plates, washed, and placed at 4°C

the activated Ag-specific CD8T cell population matures into the ©YErnight in PBS containing 10% FBS and anti-CD8. The next day intra-
cellular cytokine staining was performed according to the manufacturer’s
memory T cell pool.

directions.
Materials and Methods Statistics
Virus, mice, and cell lines Statistical differences between cytokine levels of activated (day 8) and

memory T cells were determined by the Studemést using SigmaStat

LCMV immune mice were obtained by injecting 5- to 15-wk-old BALB/c (SPSS. Chicago, IL) software

mice i.p. with 2x 10° PFU of LCMV-Armstrong (Arm-53b) and were
used at the indicated time points. BALB/cByJ mice were purchased eitheh

from The Jackson Laboratory (Bar Harbor, ME) or from The Scripps Re- esults

search Institute animal facility. The fibroblast cell line, BALB Clone 7, was Kinetics of virus-specific cytokine production

in RPMI 1640 containing 10% FBS;glutamine, and antibiotics. . . .
grown in containing 876 glutamine, and antibioties- A qult BALB/c mice were infected with LCMV and were used
Peptide either at 8 days postinfection to study activated T cell responses at

HPLC-purified (>95% pure) LCMV NBs_ye peptide (PeptidoGenic, the peak of the effector T cell response, or at 280-300 days p.i. to
Livermore, CA) was dissolved in sterile PBS at 10 mg/ml and stored atStudy memory T cell responses. Fig. 1 shows FACS analysis of
—80°C until use. IFN-vy production by these two T cell populations following direct
ex vivo stimulation with the immunodominant peptide LCMV
NP, ;5_126 IFN-y was undetectable in both day 8 and memory
Spleen cells from LCMV-infected or naive mice were cultured at 37°C in CD8* T cells immediately ex vivo, suggesting that cytokines are

6% CO, for the indicated amount of time in the presence or absence o T ; ;
107 M peptide (LCMV NP.yg 1,3 in RPMI 1640 containing 10% FBS, hot constitutively expressed by either cell population. In contrast,

20 mM HEPES, L-glutamine, and antibiotics. Brefeldin A (Sigma, st. |FN-y production was readily detectable in both T cell populations
Louis, MO) was added at a final concentration of.g/ml. For on-rate ~ Within 60 min of peptide stimulation. The maximum number of
experiments, brefeldin A was included during the entire culture periodresponding T cells detected by intracellular IFNstaining was

(0.5-6 h). Cells were immediately placed on ice, washed, and stained fogttained within 6 h and was similar to that previously identified

CD8 (PharMingen, San Diego, CA) in round-bottom 96-well plates. The  _. . . . g
cells were washed and permeabilized using the Cytofix/Cytoperm kit'Sn9 peptide-tetramer staining (4). Cytokine production was not

(PharMingen) according to the manufacturer's directions. Intracellular AgsOPserved after peptide stimulation of naive T cells, indicating that
were detected using PE-conjugated mAbs specific for BN#t-CTLA-4 only primed virus-specific T cells were activated to produce cyto-

and FITC-conjugated anti-IFN-Abs (PharMingen). Samples were resus- kines under these in vitro conditions (data not shown and see Ref.

pended in PBS containing 2% formaldehyde and acquired on either a FAC, ; ; ;
Scan or FACSCalibur flow cytometer (80,000—200,000 gated events acz-l)' More detailed analyses of cytokine production by day 8 and

quired per sample) and analyzed using Cellquest software (Bector'inemOry T Ce!ls are shown in Fig. 2. As ?hQW” pr?Viousw .(26)‘
Dickinson, San Jose, CA). IFN-vy production by day 8 T cells began within 30 min poststimu-
lation, and the maximum number of IFi- CD8" T cells was
observed by 6 h poststimulation (FigAR Likewise, TNFe pro-
BALB clone 7 cells were harvested by trypsinization and counted. Afterduction was detectable within 30 min poststimulation and peak
washing once with PBS to remove FBS and other soluble proteins, the cellgymbers were attained within 6 h (FigBR Memory T cells re-

were resuspended at 1@ and biotinylated for 20 min on ice in PBS : . . A . .
supplemented with 1 mM MgGland 0.1 mM CaGl and containing 1.0 sponded with nearly identical kinetics, and maximal production of

mg/ml freshly added NHS-biotin (Calbiochem, La Jolla, CA). Biotinyla- POth cytokines was observed by 6 h poststimulation (Figh @nd
tion was quenched by adding RPMI 1640 containing 10% FBS, and thd3). To compare the on-rate kinetics of day 8 and memory T cell
cells were washed twice before being resuspended in RPMI 1640 contairgytokine production on the same relative scale, the number of pep-

ing 10% FBS and 10" M peptide (LCMV NR,5_529- The cells (X {ige specific CD8 T cells producing IFNy or TNF-« at each time
107/ml) were incubated at 37°C for 1 h with occasional mixing and washed P P g1FNy “

extensively to remove unbound peptide. Biotinylation of targets had noDOint Wlas plotted as 6} pe.rcentage of the quimum re?ponse' As
effect on peptide presentation over a range of peptide doseShown in Fig. Z, the kinetics of IFNy production was strikingly
(107°-10"8 Mm). similar in day 8 and memory T cell populations. In each case, the
time required to reach 50% of the maximal number of cytokine-
producing cells was between 90 and 120 min poststimulation. Sim-
Spleen cells (18well) from LCMV-infected mice were stimulated with  j|gr analysis of TNFe production (Fig. 2D) showed again that

2 X 10° biotinylated fibroblasts coated with 16 M peptide (LCMV ; ) ; i .
NP,.s. 1, for 5 h at37°C in 6% CQ. Streptavidin-coated magnetic beads both T cell populations reached 50% maximum cytokine produc

(Perceptive Biosystems, Framingham, MA) were added at a concentratioHion Within 2 h of stimulation dirgctly ex vivo. Thgse result; dem-
of 40 beads per biotinylated stimulator cell and mixed by pipetting. After onstrate that, upon encountering the appropriate peptide/MHC
20 min at 37°C, the cultures were resuspended by pipetting, and biotinyleomplex, memory T cells express antiviral cytokines with kinetics

ated cells were removed by placing the 96-well plate over a magnet (Peithat are nearly superimposable with those of activated T cells an-

ceptive Biosystems) for 2 min. This resulted#95% removal of biotin- lvzed durina the peak of the effector T cell response
ylated stimulator cells. (To ensure that a stimulatory amount of peptide wady’ 9 P . . P "
not released from these cells, we cultured peptide-coated cells at 37°C for 10 further characterize the cytokine responses of activated and

up to 5 h, collected the supernatant, and mixed this 1:1 with fresh spleememory T cells, we compared the amounts of Iifldnd TNF«

Intracellular cytokine staining and flow cytometry

Biotinylation and peptide loading of stimulator cells
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Day 8

Day 280

CD8

FIGURE 1. Detection of peptide-specific cytokine production by intracellular cytokine staining. Total spleen cells from acutely infected mice (day 8)

or LCMV-immune mice (day 280) were cultured directly ex vivo in the presence or absence of the immunodominant peptide LGMV,NRt the
indicated time points, the cultures were harvested and cells were stained with antk@Ri8)(and anti-IFNy (y-axis; both axes are lggscales). The
number shown in thepper right quadranof each FACS profile indicates the percentage of CD8ells that scored positive for IFN-production after
subtracting the background number of events from identical cultures that were not stimulated with peptide. At least 80,000 events were acquired fo

sample and the results are representative of eight independent experiments.

that were produced after peptide stimulation directly ex vivo (Fig.Rapid termination of cytokine production upon disruption of Ag

3). CD8" T cells from mice at 8 days p.i. and memory T cells from contact

mice at 295 days postinfection were stimulated in parallel for 6
with peptide, and the levels of IFN-and TNF« were compared
by quantitating the mean fluorescence intensity (MFI) of cytokine
staining. As shown in Fig. 3, day 8 T cells produced more HN-
than did memory T cellsgg = 0.02). In contrast, TNk produc-
tion was much higher in memory T cells than in day 8 T cefis{(
0.001). It is striking that, although activated and memory CO8

plateau at significantly different levels.

FIGURE 2. Kinetics of antiviral
cytokine production by activated and
memory T cells. Spleen cells from
mice at 8 days@®) or 295 days Q)
after LCMV infection were stimu-
lated with peptide for the indicated
periods of time and analyzed by flow
cytometry. The percentage of
IFN-y" (A) and TNFa" (B) CD8"

T cells were calculated after subtract-
ing the small number of background
events from unstimulated cultures as-
sayed in parallel. The percent maxi-
mum response for IFN- (C) or
TNF-a (D) was calculated by divid-
ing the number of cytokine-positive
T cells at each time point by the num-
ber of cytokine-positive T cells ob-
served at the 6-h time point multi-
plied by 100. Each time point shows
the average of four mice- SD.

% CD8" T cells expressing cytokine

Cytokine-positive T cells as % max.
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hThe regulatory requirements that determine when cytokine pro-
duction is turned off is a largely unappreciated and unexplored
aspect of T cell-mediated immunity. Without proper control mech-
anisms in place, unrestrained cytokine production might be harm-
ful or even lethal to the host. Our study (Figs. 1 and 2), as well as
others (4, 35, 36) have found that without peptide stimulation, the
cells have similar on rates of cytokine synthesis (Fig. 2), theyvast majority of virus-specific CD8 T cells are not expressing

cytokines when analyzed directly ex vivo, even at the peak of the
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FIGURE 3. Levels of cytokine produced by activated T cells and mem-
ory T cells. Spleen cells from mice at either 8 days or 295 days p.i. were
stimulated with peptide for 6 h directly ex vivo, and the levels of intracel-
lular IFN-y and TNF« were quantitated by measuring the MFI using flow
cytometry. The samples were stimulated, stained for the respective cyto-
kines, and assayed in parallel. The data represent the average of four mice
per groupx SD, and statistical significance was determined using the
Studentt test.
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antiviral immune response. One explanation of these findings
is that T cells may rapidly terminate cytokine production in the
absence of continuous Ag contact. To ascertain the role of peptide/
MHC contact in the maintenance of sustained cytokine production,
we developed a novel technique to quickly and synchronously sep- , : .

arate responding T cells from peptide-coated APCs using magnetic 5 6 7Hours 8 9 10

bead depletion. This allowed us to determine how rapidly k_)Oth da¥3IGURE 4. Down-regulation of cytokine production after the removal
8 and memory T cells were able to down-regulate cytokine syn- Ag. Spleen cells (1Bwell) from mice at 8 days p.i.A) or 280 days p.i.
thesis upon disruption of Ag contact. LCMV-specific T cells were (B) were stimulated for 5 h with peptide-coated, biotinylated BALB clone
stimulated for 5 h with biotinylated, peptide-coated fibroblasts as7 cells (2 x 10°well), at which time (designated= 5), CD8" T cells
APCs to generate a high level IFNproduction (Fig. 4t = 5). produced high levels of IFN: Thereafter, the cells were either left un-
One group was left unmanipulated and samples were harvested @@nipulated, treated with cycloheximide (CHX; 10@/ml), or were sep-
the indicated time points. The cognate interaction between the frated from antigeni_c contact by remov_al of the biotinylated stimulgtor
cells and the APCs in two other groups was disrupted by pipettingfe”s using streptavidin-coated magnet_lc bea_ds. After APC depletion,
and the APCs were removed from the cultures using s‘[reptavidin-N4 * 1_05 of the recovered T cells were immediately transferred to wells
containing 4x 10° APCs that were either coated with peptide (on/on) or

magnetic beads. The recovered spleen cells were then plated elthv%re untreated (on/off). More than 95% of the biotinylated target cells were =

'nt_o wells containing L.mcoat?d APCs, to mc.)n.'tor the qown'regu'removed by the magnetic bead depletion (data not shown). The mechanical 3
lation of IFN-y production, or into wells containing peptide-coated gjsryption and removal of APCs did not have an effect on cytokine pro-

N
L

% CD8" T cells expressing IFNy  (JJ

o
L
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APCs, to determine whether cytokine production could be restoreduction by day 8 spleen cells stimulated with soluble anti-CD3 and anti-
if the CD8" T cells again came into contact with their cognate Ag. CD28. The data show the average of three to four nticthe SD except N

As shown for day 8 cells in Fig.Al if stimulated cultures were left  for the 10-h time point irA which represents the cytokine response of an
unmanipulated, then cytokine production by virus-specific T cellsindividual mouse. The data are representative of four experiments.

was maintained at a steady-state level for the duration of the ex-

periment. Addition of cycloheximide, a protein synthesis inhibitor, that observed following the administration of cycloheximide. In
resulted in a rapid decline in the number of IRNsroducing T contrast to day 8 T cells, only about 30% of the original IfFN-
cells. Disruption of T cell contact with peptide-coated APCs re-memory T cells could be recovered if they were restimulated on
sulted in an equally rapid reduction (FigAdon/off), indicating  fresh peptide-coated targets. The results of these experiments in-
that cytokine production ceased immediately upon Ag disengagedicate that if Ag-specific T cells are not in direct contact with a
ment. Down-regulation of IFNy production was not a procedural target cell presenting a stimulatory level of peptide, then cytokine
artifact, since T cells stimulated with soluble anti-CD3/anti-CD28 production is rapidly turned off until the appropriate peptide/MHC
showed no alterations in cytokine production after an identicalcomplex is encountered.

regimen of in vitro manipulations. In addition, if T cells were i . .

restimulated on peptide-coated APCs (Fig\, &n/on), then the Patterns of cytokine production and CD8 expression

percentage of IFNy"CD8" T cells rebounded to the initial num- There are several activation/memory markers that distinguish be-
bers observed before APC removal. In parallel experiments, mentween naive and Ag-experienced T cells (9, 11-15). However,
ory T cells from mice at 280 days p.i. were stimulated with pep-functional and phenotypic markers that specifically distinguish be-
tide-coated APCs and then treated as described above [)g. 4 tween activated T cells and memory T cells in normal nontrans-
Similar to day 8 T cells, memory T cell cultures maintained nearlygenic mice have not been described previously. In this study, we
steady-state IFN+production while in contact with peptide-coated evaluated patterns of cytokine production and CD8 expression lev-
APCs. After removal of the stimulatory cells, the number of cellsels over the course of both primary and secondary LCMV infec-
producing IFN+ dropped by>90%, a decline almost identical to tions to determine whether either of these criteria corresponded
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FIGURE 5. Cytokine profiles and CD8 levels during primary and secondary responses to viral infection. Naive BALB/c mice were infected with 2 3
10° PFU LCMV at staggered time points to allow CDg cell-mediated cytokine responses to be assayed on the same day. LCMV-immune mice wer
infected with 2 10° PFU LCMV-Armstrong at staggered time points from 114 to 132 days after primary infection to assay them together at 135 da@s
postprimary infection. Total spleen cells were stimulated directly ex vivo with peptide for 6 h and analyzed by intracellular cytokine stainingyfor IFN=»
and TNF«. The flow cytometry plots were gated on CD® cells using a large gate (fluorescence range, 120-3400). The numbeuippideleft quadrant

of each dot plot represents the percentage of CD&ells that are IFNy* TNF-a—, and the number in thepper right quadranshows the percentage that
are IFNy*TNF-a*. The events in théower right quadrantsvere present also in unstimulated cultures and have not been subjected to further analys
To distinguish CD89" cells from CD&" cells, the events are colored either green (representing the high CD8 levels (fluorescence range, 930-34
observed in naive T cell controls) or red (representing T cells with down-regulated levels of CD8 (fluorescence range, 120-930)). The MFI of CD8-neg
spleen cells was<50. Each plot shown is representative of two to four individual samples.
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with an activated phenotype or a memory phenotype. At the indipostsecondary infection, IFN* TNF-o~ cells were more numer-
cated days p.i.,, IFNr and TNF« production by virus-specific ous, and the ratio had shifted to 1:10. By day 5 postsecondary
CD8" T cells were assayed afté h of peptide stimulation (Fig. infection, the ratio had shifted further to 1:3, but by 21 days the
5). At 5-8 days p.i., the virus-specific T cell population was aratio began to revert to a memory phenotype ar&0% of virus-
mixture of both IFNy* TNF-a~ cells and IFNy" TNF-a* cellsat  specific T cells produced both IFiand TNF«. Therefore, at the

a ratio of ~1:1-1:3. By 15 days p.i., the ratio of IFM* TNF-a~ peak of the antiviral response (during primary or secondary infec-
to IFN-y*TNF-a™* cells was about 1:5. This trend continued until tion), there are two populations of virus-specific T cells, IFN-
day 60, at which point the ratio had shifted to at least 1:50, indi-y" TNF-a~ and IFN<y" TNF-a™, but after resolving the infection,
cating that 98% of the responding memory T cells produced botlthe memory T cell pool becomes double positive.

IFN-y and TNF« simultaneously. This maturational shift in cy-  In analyzing the cell populations described in Figs. 1 and 2, we
tokine profiles is not unique to BALB/c mice; an identical shift in noted that CD8 expression by virus-specific day 8 T cells was
cytokine production was observed following acute LCMV infec- significantly lower than that seen in responding memory T cells
tion of C57BL/6 mice (data not shown). Likewise, recombinant analyzed at 295 days p.i. (66% reductiprs. 0.001). We therefore
vaccinia virus infection resulted in a similar maturational shift in conducted a more extensive analysis of CD8 expression over the
cytokine profiles during the virus-specific CD8I cell response course of both primary and secondary virus infections (Fig. 5).
(data not shown). Therefore, with the aid of intracellular cytokine CD8 expression on virus-specific T cells was visualized using two
staining directly ex vivo, we have identified a previously unrec-colors to depict different levels of CD8; green events represent
ognized shift in cytokine profiles which appears to be common tohigh CD8 expression (within the range of CD8 levels on naive T
several virus infections and is not influenced by the strain or MHCcells assayed in parallel) and red events represent down-regulated
haplotype of the mice. To determine whether the lNFNF-a™ levels of CD8 expression. At 5-6 days p.i., CD8 levels were high
memory phenotype would persist if the T cells were re-exposed t¢MFI, 1610 and 1160, respectively) but by the peak of the primary
Ag in vivo, LCMV-immune mice were rechallenged with virus T cell response at 8 days p.i., CD8 levels were sharply down-
and assayed directly ex vivo for cytokine production (Fig. 5). Be-regulated on almost 90% of the virus-specific T cells (MFI, 695).
fore secondary challenge;10% of CD8" T cells were virus spe- By 60 days p.i., cytokine production had matured to an IFN-
cific. By 3 days p.i., this number had increased~th5%, and by  y*TNF-o™ memory phenotype and the level of CD8 had returned
5 days p.i.,~40% of CD8" T cells were epitope specific (Fig. 5). to high levels (MFI, 1230). Following reinfection with LCMV,
Moreover, the increase in total virus-specific CD8 cells was  CD8 levels on virus-specific T cells were down-regulated by
even greater than indicated by the above percentages due to cell50% at day 5 postsecondary infection. By 21 days postsecondary
proliferation; the total number of virus-specific T cells in the infection, CD8 levels had started to increase as the T cell popula-
spleen had doubled by 3 days p.i. and increased b§-fold by 5  tion reverted to the IFN¢" TNF-a™ memory phenotype. The low
days p.i. The ratio of IFNy" TNF-a~ to IFN-y*TNF-a™ T cells levels of CD8 observed on activated T cells at day 8 p.i. was not
at day 135 was 1:50 (Fig. 5, secondary, day 0) but, by 3 dayslue to the in vitro stimulation/staining procedure since CD8 levels
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CTLA-4 Table I. Summary of marker expression on virus-specific CO8
cells®

T}

§ Day p.i. CD8 LFA-1 CTLA-4 Immune Status
0 High Low Low Naive

© 4 High High High Activated

z 5 High High High Activated

[a] 6 High High High Activated
8 Low High Intermediate Activated

© 15 Low High Low Activated

z 60 High High Low Memory

o

2 Adult BALB/c mice were infected with LCMV, and splenic CD8T cells were
analyzed directly ex vivo at the indicated times p.i. Virus-specific T cells were iden-
tified by their production of IFNy after 6 h of invitro stimulation with NR15_1.¢
peptide. Cells were surface stained for CD8 and LFA-1 and stained intracellularly for
IFN-y and CTLA-4. Day 0 indicates the relative level of each marker on naive (IFN-
y7) T cells from uninfected mice. Similar results were obtained following LCMV
infection of C57BL/6 mice or after infection with recombinant vaccinia virus (data
not shown).

Day 30 Day 15

FIGURE 6. CTLA-4 and LFA-1 expression on virus-specific CDg ) ) .
cells. Total spleen cells from naive or LCMV-infected mice were cultured Pared with nave T cells (MFI, 30). At 8 days p.i., only50% of
directly ex vivo for 6 h with LCMV NR,5_1.¢peptide. The cells were then LCMV-specific T cells expressed CTLA-4. However80% of

surface stained for CD8 and LFA-1 and assayed for intracellularyiNd ~ the blast-size CD8IFN-y" cells at this time point expressed
CTLA-4 expression. Naive T cells (dotted line) were gated on CD&lls, CTLA-4, albeit at intermediate levels (data not shown). This sug-
and virus-specific T cells (solid lines) were gated on CI®N-y" cells.  gests again that the most highly activated cells continued to ex-
The number in theipper left cornerof eachtop histogramis the MFI of press CTLA-4. By 15 days p.i., CTLA-4 expression had declined
naive CD8 T cells, and the number in thepper right cornerof each  frther and was indistinguishable from naive T cell expression
h|stogram shows the. MF! of V'.rus'Spec'f'c cpa' cells at the _'nd.'ca_t?d levels. Similar kinetics of CTLA-4 expression was observed in
Eggp?e(:hts. Each histogram is representative of two to six lndIVIduaIVirUS-SpeCifiC CD4 T cells in C57BL/6 mice after LCMV infec-
tion (data not shown), indicating that early high level expression of
CTLA-4 is not limited to the CD8 T cell subset. A summary of

are already low at this time point even in the absence of peptidng& LFA-1, and CTLA'_4 e>_<pres_sion_ on_ Ag-§pecific T cells dur-
stimulation (Fig. 1 and see Refs. 4, 15, and 37). This demonstratd29 the course of acute viral _|nfect|0n is given in Table I. Tog(_ethe_r,
that CD8 expression on virus-specific T cells is transiently reduced€Se results show that activated/memory T cells can be discrim-
during the course of an acute viral infection, but returns to highin@ted from naive T cells on the basis of LFA-1 expression and
levels during the memory phase of the immune response. demonstrate for the first time that CD8 and CTLA-4 expression
levels can be used in combination to distinguish activated T cells
LFA-1 and CTLA-4 levels on activated and memory CDOB from memory T cells. In addition, these results suggest that pri-
cells mary CD8" T cells may be further subdivided into two groups,

. i hig ;
Above we describe differences in cytokine production which pro-ealrly activated (CDBU'CTLA-4") and late activated

ow, int/low H Tt H
vide evidence indicating that activated CD§ cells can be dis- ECDS‘ CTLA-4 I ) ?:Ot%gCWh'Ch ‘ffvﬂ‘ be clearly distinguished
tinguished from memory cells. Although we also found that CD8 rom memory T cells (CD TLA-4").
expression levels vary during the course of virus infection, this_. .
parameter alone is insufficient to distinguish activated T cells froleSCUSSlon
memory T cells. To determine whether a combination of phenodn this study, several criteria were used to compare and contrast the
typic markers could be used to discriminate between these twdifferences between activated T cells and memory T cells. Directly
CD8" T cell populations, we characterized LFA-1 and CTLA-4 ex vivo, both T cell populations were similar in their ability to turn
expression in virus-specific (IFN?) CD8" T cells at each stage on and turn off cytokine production in an Ag-specific manner,
of the antiviral immune response (Fig. 6). LFA-1 was expressed aalthough memory T cells were less capable of Ag-specific reini-
a high level on>95% of antiviral CD8 T cells at every time point  tiation of cytokine production. However, IFN-and TNFe levels
examined, confirming previous studies that describe this as an exiffered significantly between these T cell populations, and the
cellent marker for distinguishing activated/memory T cells from activated T cell pool contained both IF}N-TNF-o~ and IFN-
naive T cells (11). There were no substantial differences in LFA-1y"TNF-a™ cells, whereas memory T cells almost exclusively ex-
expression on virus-specific CD8T cells examined between 5 pressed the IFNs' TNF-a* phenotype. Furthermore, analyses of
and 60 days p.i. (Fig. 6 and Table 1), indicating that this markerCD8, LFA-1, and CTLA-4 levels in virus-specific CDS8T cells
alone is insufficient for segregating activated T cell populationsrevealed a pattern of expression that distinguished activated T cell
from memory T cell populations. In striking contrast, CTLA-4 populations from memory T cell populations.
expression was high in activated virus-specific T cells at the early Cytolytic activity is a defining feature of activated CD8T
stages of the immune response but was sharply down-regulated aslls, and, since this activity is typically lost by30 days p.i. (9),

T cells entered the memory phase. At 4 days p.i., only 1-2% oft is often used to distinguish effector T cells from memory T cells
splenic CD8 T cells were virus specific, but they already ex- (18). An exception to this rule is that some studies using TCR
pressed high levels of CTLA-4 (MFI, 880; data not shown). As transgenic CD8 T cells find relatively strong cytolytic activity for
shown in Fig. 6,>90% of virus-specific CD8 T cells at 5 and 6 months in the apparent absence of antigenic stimulation (38, 39).
days p.i. expressed CTLA-4 at high levels (MFI, 570-590) com-Although nontransgenic memory T cells may demonstrate some
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low-level CTL activity (40), most memory CD8T cells in im- cells were able to resume cytokine production after restimulation
mune hosts require restimulation for 15 h or more before high{Fig. 4B). It is possible that some T cells were lost when the APCs
level cytolytic activity is observed (41, 42). We show here that, inwere depleted, but this is unlikely because day 8 cells and memory
contrast to lytic functions, there is little difference in the on-rate T cells were assayed in parallel; no loss of day 8 T cells was
kinetics of cytokine production by activated and memory T cell observed even though these cells may be more likely to be re-
populations (Figs. 1 and 2). We find that activated and memory Tmoved from the cultures when the APCs were depleted, as they
cells initiate IFN<y and TNFe production within 30—60 min of  have a slightly higher avidity for peptide/MHC than do memory T
Ag contact, and the rates at which virus-specific cells are recruitedells (our unpublished results). It is possible that memory T cells
into cytokine production are almost superimposable. The maximay have become anergic or that the shut-down of cytokine pro-
mum number of responding cells was attained by 6 h poststimuduction may have occurred to begin cell division or the production
lation, but the resulting levels of cytokine production differed sig- of cytolytic proteins. These questions may be best addressed by
nificantly; activated cells produced more IFNwhereas memory  ysing peptide-tetramer staining to identify Ag-specific T cells, in-
cells produced more TNE: This suggests that there may be a gependent of their effector functions. This strategy has been used
preset maximum production level for each cytokine, based on thgyccessfully to identify nonresponding (IFN-) LCMV-specific
activation state of the T cell upon Ag contact. Our results confirmcpg* T cells in chronically infected mice (50) and to identify
and extend a recent study which showed rapid onset of ¥FN- gysfunctional virus-specific T cells circulating in the liver (35).
production but delayed perforin-mediated lytic activity in trans- | ong-term T cell memory was maintained by T lymphocytes
genic T cells (42). Why does a dichotomy exist between cytokingnat ypon peptide stimulation, produced both 15Nnd TNFe
production and cytolytic activity? Perhaps the lag period Observe‘%imultaneously (Fig. 5). This was in contrast to day 8 CDB
before the acquisition of perforin-mediated lytic activity is bene- cells, which comprised both IFN=TNF-a~ and IFN-y* TNF-a*

ficial to the host. Direct lysis of a target cell is irreversible, and, if populations. The mechanisms that regulate these differing patterns

this is the first response to Ag contact, then low-level cross-reacs oy tokine production in the two CDST cell populations remain
tivity or bystander activation may lead to the inappropriate de-

) ) : . -~~~ obscure and are under investigation. Direct ex vivo analysis of
struction of uninfected cells. However, by first secreting antiviral

papeojumoq

0.

that differentiation from an activated phenotype to a memory phe- 3

ule proteins to be synthesized and assembled (43).
We and others have found that, even at the peak of the antivir
immune response, cytokine-producing CD¥ cells are not de-
tectable ex vivo in the absence of peptide stimulation (4, 26, 44)
The biological implication of this observation, that most virus-
specific CD8 T cells may not be actively producing cytokines in . . - : -
vivo, has not been previously appreciated. We have shown tha(fytoklne expression patterns. _The |nduct|o_n of IENTNF'a T
activated (day 8) T cells can rapidly terminate cytokine productionce"s may protect the host against Tmedlated toxpty during Q
upon disruption of Ag contact (26), but down-regulation of cyto- th+e early ﬁtages of the _secondary infection. Alternatively, th_e IFN- €
kine responses in memory CD8T cells has not been previously Y TNF-o su_bpopulatlon may represent T cells that are in the
described. Remarkably, when peptide-coated APCs were removel0c€SS of being purged from.the system and are S'mp'Y Ioglng.the
LCMV-specific primary and memory T cells terminated IFN- ability to produce both c_ytoklnes as they undergo gcyvatl_on-ln-
production very rapidly at a rate nearly identical to that observedituced cell death. Experiments are under way to distinguish be-
in cultures treated with cycloheximide (Fig. A,andB). Never- ~ tWeen these possibilities. o
theless, IFNy* cells remained detectable for 1-2 h after removal The identification of surface markers that discriminate between

of peptide or addition of cycloheximide, presumably reflecting thenaive T cells and activated/memory T cells has been instrumental
kinetics of IFN+y release, degradation, and so forth. Therefore, ifin the characterization of T ceII-_medlated immune responses. A
CD8" T cells had been actively producing cytokines in vivo at the "€cent study has used transgenic technology to mark memory T
time of cell harvest, then they would have remained detectable?e” precursors (51) but, until now, no markers had been identified
even in the absence of peptide stimulation. Since no such cellwhich specifically distinguished activated T cells from memory T
were detected, we suggest that the vast majority of virus-specific $€lls in normal mice. Our analysis of activation markers on virus-
cells are not actively producing cytokines in vivo and instead rap-Specific T cells revealed that both day 8 and memory T cells were
idly initiate cytokine production in response to Ag contact. What Uniformly LFA-1"9" CD2"", and VLA-4"9" (data not shown).
are the biological implications of such rapid down-regulation of We chose LFA-1 for further analysis because it is a commonly
cytokine synthesis? It is critical that cytokine secretion be tightlyused and well-characterized marker of T cell activation/memory
regulated, because these molecules can be toxic and are resporidil). At all time points studied (day 4-300 p.i.), virus-specific T
ble for many symptoms of disease (45—49). Therefore, by limitingcells expressed high levels of LFA-1. In contrast to constitutively
cytokine production to periods of direct contact with infected tar- high LFA-1 expression, we found that CD8 expression levels var-
gets, the release of inflammatory and antiviral cytokines is conied considerably during the course of infection; high CD8 levels
fined specifically to sites of infection. were observed at 4—6 days p.i. followed by greatly decreased CD8
One intriguing difference between day 8 and memory T cellslevels at 8—15 days p.i. (Fig. 5). By 60 days p.i., CD8 levels on the
was the ability to resume cytokine production following restimu- majority of virus-specific memory T cells reverted to high levels
lation with peptide-coated APCs. Essentially all of the day 8 T(Fig. 5). Furthermore, we demonstrated that CD8 expression was
cells that responded to the primary stimulation were able to reinigreatly reduced at 5-8 days following secondary infection, indi-
tiate cytokine production after secondary stimulation with peptide-cating that a transient reduction in CD8 levels occurs regardless of
coated targets (Fig. 4A). In contrast, only about 30% of memory Twhether the responding cells were derived from a naive T cell

Mmmw/7:dny

a(|9). Interestingly, our study shows that within 5 days after second-
ary infection, virus-specific cytokine profiles changed from a

memory phenotype to an activated phenotype similar to that ob-
served during the primary response (Fig. 5). This demonstrates that
memory T cells (or their progeny) can alter their preset Ag-specific
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population or from a memory T cell pool. The observed down- Acknowledgments

regulation of CD8 expression is not limited to LCMV infection;
we found a similar degree of CD8 down-regulation following re-
combinant vaccinia virus infection in which50% of NP, ,5_1.5
specific CD8 T cells have reduced levels of CD8 expression at 8
days p.i. (data not shown). Down-regulated CD8 expression alsol-
occurs on a substantial population of splenic T cells at 8 days after,
infection with either LCMV, influenza, vaccinia, or vesicular sto-
matitis virus (4, 5, 15, 37, 44), although these findings were not
discussed. Recent evidence indicates that, if mature*CD8ells

do not simultaneously engage their TCR and CD8 coreceptor, thes.
cells down-regulate CD8 expression and eventually die by apo-
ptosis (52). Thus, CD8 down-regulation may be a mechanism fora,
purging the immune system of excess CDBcells after resolving
acute infection. This hypothesis corresponasll with our data
showing that CD8 down-regulation occurs before progressions.
into the memory phase, after which virus-specific T cells
expressing high levels of CD8 are maintained at nearly steady-
state levels (4, 9).

When first discovered, CTLA-4 was considered an activation "
Ag since it shared homology with CD28, and anti-CTLA-4 Abs s.
were found to act synergistically with anti-CD28 Abs in promoting
T cell activation (53). However, more recent studies suggest that

CTLA-4 expression has an inhibitory role in T cell activation (54) 10.

and may abrogate cell cycle progression (55, 56). It is thought that

CTLA-4 may exert its inhibitory effect by interfering with TCR 11,

signal transduction (57) or by binding to the B7 ligand, thus pre-
venting CD28-mediated T cell activation. Mice deficient in

CTLA-4 succumb within 2—4 wk of birth to a massive lymphoid 12.

expansion (58, 59), which appears to be driven by endogenous Ag,

since CTLA-4" cells bearing transgenic TCRs do not expand toq3

the same extent (60). The role of CTLA-4 expression during acute
viral infection is unclear. Adoptive transfer/challenge experiments
using TCR transgenic CTLA-4-deficient CD8T cells have
shown that these cells respond normally to viral infection and do

not demonstrate unrestrained lymphoproliferation upon Ag stim-;5

ulation, but the interpretation of these results is complicated by the
rejection of the transgenic cells at2 wk after transfer due to

found CTLA-4 expression to be highest during the early stages of
the immune response (days 4-6 p.i.), at which time the LCMV-

specific CD8 T cells are rapidly expanding and have an approx-19.

imate division rate of 6—8 h (4). From 5 to 8 days p.i., most of the
infectious virus has been cleared and the doubling time corre-

spondingly decreases to 24-30 h. Although CTLA-4 levels werez0.

declining by 8 days p.i. (Fig. 6), expression remained highest in the

blasting cells (data not shown), consistent with the hypothesis that;.

CTLA-4 is important during T cell expansion. We are now con-
ducting experiments to determine whether CTLA-4 expression is
playing a positive (62, 63) or negative (54) role in virus-specific T

cell expansion in vivo. In either case, our study provides convinc-2%

ing evidence that CTLA-4 expression, in combination with CD8

and LFA-1 levels, is a useful phenotypic marker for distinguishing24.

between activated T cells and memory T cells.

In this study, we analyzed virus-specific T cell responses di-2s.

rectly ex vivo without extensive in vitro manipulation and in a

nontransgenic model system. This allowed the function and pheyg

notype of activated and memory T cells to be directly compared

during both primary and secondary virus infections. In addition to?:

demonstrating similar on/off regulation of cytokine production,
these analyses show that CD8, LFA-1, and CTLA-4 expression
levels can be used in combination to readily distinguish betweer
naive, activated, and memory T cell populations.

14.
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