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Gene Expression in Antigen-Specific CD8 T Cells During
Viral Infection *

Jason M. Grayson, Kaja Murali-Krishna, John D. Altman, and Rafi Ahmed?

Following infection with intracellular pathogens, Ag-specific CD8" T cells become activated and begin to proliferate. As these cells
become activated, they elaborate effector functions including cytokine production and cytolysis. After the infection has been
cleared, the immune system returns to homeostasis through apoptosis of the majority of the Ag-specific effector cells. The surviving
memory cells can persist for extended periods and provide protection against reinfection. Little is known about the changes in gene
expression as Ag-specific cells progress through these stages of development, i.e., naive to effector to memory. Using recombinant
MHC class | tetramers, we isolated Ag-specific CD8 T cells from mice infected with lymphocytic choriomeningitis virus at various
time points and performed semiquantitative RT-PCR. We examined expression of: 1) genes involved in cell cycle control, 2)
effector and regulatory functions, and 3) susceptibility to apoptosis. We found that Ag-specific CD8memory T cells contain high
steady-state levels oBcl-2, Bax, IFN-vy, and lung Kruppel-like factor (LKLF), and decreased levels of p21 and p27 mRNA.
Moreover, the pattern of gene expression between naive and memory cells is distinct and suggests that these two cell types control
susceptibility to apoptosis through different mechanisms. The Journal of Immunology,2001, 166: 795-799.

D8™ T cells play a critical role in controlling viral as well cells recruited into the response, 2) the extent of proliferation fol-
intracellular and parasitic infections. During the acute lowing Ag encounter, 3) the amount of death after the response is §
phase of many infections there is a marked expansion otomplete, and 4) the long-term survival and proliferation of the 3
CD8" T cells. In humans this is observed during HIV (1), EBV pool of memory cells. Cyclin-dependent kinase inhibitors (CDKi) Z
(2), and CMV infections (3). In mice, CD8 expansion occurs dur-such as p242™%/<P*(13) and p2'#P* (14) play critical roles in the
ing vaccinia virus, vesicular stomatitis virus (4), muripdierpes-  cell cycle by controlling progression from,Go S phase by in
virus (5), and lymphocytic choriomeningitis virus (LCM¥infec- hibiting the activities of cyclin-dependent kinases, thus blocking
tion (6). After viral clearance, a death phase ensues where 90-95%hosphorylation of the retinoblastoma (Rb) protein. It is also crit-
of the Ag-specific cells undergo apoptosis. The surviving memornyical to understand the regulation of effector molecules such as per-
cells persist for the life of the animal and rapidly assume effectorforin and IFN-y during these transitions to understand the mech-
functions upon re-encounter with Ag. To understand the mechaanisms that allow for a rapid anamnestic response. Using g
nisms that control these developmental stages, we examined genecombinant MHC class | tetramers, we isolated Ag-specific
expression as CD8T cells progressed through the naive, effector, CD8" T cells from mice infected with LCMV at various time
and memory transitions. Emphasis was placed on genes involvegbints and performed semiquantitative RT-PCR analysis for the
in effector and regulatory functions, cell cycle control, and sus-genes discussed above.
ceptibility to apoptosis.
Bgcause_' the predisposition of_a cell to apo_pt05|s is a compIeXMa,[erials and Methods
multifactorial process, we examined expression of several mem\-/irus infection and mice
bers of theBcl-2 superfamily Bcl-2 andBcl-x_exert anti-apoptotic
effects (7, 8), whereaBad and Bax are pro-apoptotic (9, 10). In  Six- to 8-wk-old female BALB/c mice purchased from The Jackson Lab-
addition to theBcl-2 superfamily, other genes such as lung Krup- oratory (Bar Harbor, ME) were infected with 2 10° PFU of LCMV-

. . . Armstrong i.p. and used at the indicated time points. For secondary chal-
pel-like factor (LKLF) (11) and Fas ligand (FasL; Ref. 12) regulateIenge experiments, immune mice were injected with<210° PFU of

the magnitude of T cell responses. The size of the memory T cell cmv-Clone 13 i.v. and used at the indicated time points. Virus stocks
pool will be influenced by four variables: 1) the number of naive were grown and quantitated as described previously (15).
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Preparation of MHC class | tetramers

Emory Vaccine Center and Department of Microbiology and Immunology, Emory The construction of ¥NP118-126 MHC class | tetramers has been de
University, Atlanta, GA 30332 scribed previously (6).

Received for publication July 26, 2000. Accepted for publication October 11, 2000.

Sorting of naive and Ag-specific CD8T cells
The costs of publication of this article were defrayed in part by the payment of page 9 9-sp

charges. This article must therefore be hereby maddxertisemenin accordance  Freshly explanted splenocytes from naive or LCMV-infected mice (days 5,
with 18 U.S.C. Section 1734 solely to indicate this fact. 8, and 105 post primary infection and 4 days post secondary infection)
1 This research was supported by National Institutes of Health Grants AI30048 anavere surface stained with PE-conjugated anti-aD®&b (clone 53-6.7;
NS21496 (to R.A.). J.M.G. was supported by National Research Service AwardPharMingen, La Jolla, CA) and either FITC-conjugated rat anti-mouse
1F32A10249-01A1. monoclonal CD1la (clone 2D7; PharMingen) or APC-conjugated
2 pddress correspondence and reprint requests to Dr. Rafi Ahmed, G211 Rolling“NP118-126 tetramer in PBS containing 1% BSA (FACS buffer) for 30
Research Building, 1510 Clifton Road, Atlanta, GA 30322. E-mail address:min at 4°C. After unbound Ab and tetramer were removed by washing,
ra@microbio.emory.edu cells were sorted into either CD11a high or low, and CD8-positive popu-
2 Abbreviations used in this paper: LCMV, lymphocytic choriomeningitis virus, lations or CD8-positive and tetramer-positive populations. Samples were
CDKi, cyclin-dependent kinase inhibitotKLF, lung Kruppel-like factor; FasL, Fas ~ acquired on a FACSVantage instrument (Becton Dickinson, San Jose, CA),
ligand; HPRT, hypoxanthine phosphoribosyltransferase. and data were analyzed using CellQuest software (Becton Dickinson).

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00
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G-3'; PERF, 5'-TCTCGCATGTACAGTTTTCGCCTGGTA-3and 5'-
TGTGAGCCCATTCAGGGTCAGCTG-3'; LKLF, 5'-CTGGAGGCCAA
GCCCAAACGCGGC-3"and 5'-CGTTGGGGACAGTAAACTCAAAG
GCA-3'; p27, 5*CCCGCCCGAGGAGGAAGATGTCAAAC-3'and 5:CCC
TTTTGTTTTGCGAAGAAGAATCT-3".

The cDNA from each sample was subjected to one round of PCR am-
plification consisting of an initial melting step (94°C for 8 min) and 30
repetitive cycles (94°C for 1 min); 52°C (p21, FasL, aBex), 55°C
(HPRT,Bcl-2,Bcl-x , andBad), or 59°C (IFNy, LKLF, and p27, and Perf)
for 1 min; and 72°C for 1 min. The PCR was performed using Ampli-Taq
Gold (Perkin-Elmer, Foster City, CA) according to the manufacturer's
instructions.
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Results
Infection of BALB/c mice by LCMV causes a massive expansion
(>10,000 fold) of Ag-specific CD8 T cells. The vast majority of
this response is directed against thérestricted NP118-126
10 20 epitope (6). On days 5, 8, and 105 po.s‘tinfection there vyere<5.8
10°, 9 X 10° and 4.3X 10° Ag-specific CD8 T cells in the
FIGURE 1. Quantitation of Ag-specific CD8 T cells during LCMV  spleen. Upon secondary challenge there was a re-expansion of Ag-
infection. BALB/c mice were examined at the indicated days postinfectionspeciﬁC cells to 6x 10° (see Fig. 1). We used this to our advantage
for the number of virus-specific CD8T cells in the spleen by MHC class 1 jso|ate Ag-specific effector and memory cells. Naive cells were
| tetramer staining. Data represent the average values obtained from three - . W .
A o . . : isolated on the basis of staining CD&nd CD11&" (see Fig. 2A).
to six mice. Arrow 2° indicates challenge of immune mice with LCMV We ch thi ker instead of CD44. which i di
clone 13. The bars represent the SD of each time point. € C, oge 1S mar .er Instea O, » whic |s.e.xpresse na
constitutive fashion in BALB/c mice (16). Ag-specific cells were
isolated by staining with both CR8Ab and LNP118-126 tet-
RT-PCR analysis ramer. In all cases, the purity of the post-sort population was
Sorted cells were isolated and total RNA was extracted. cDNA synthesigreater t_han 950/(_" The fluorescence _decrease in the day 8 postsor.
was primed with a (dT,), oligonucleotide. The resulting cDNA was am- Sample is most likely due to quenching as the cells pass through =
plified using the following primers: p21, 5'-CCGTGGACAGTGAG the cytometer a second time. The specificity of postsort popula- 2.
gﬁgggsc ng%TGGgggcW%AGSGggg\LCTTrfcgﬁé;’;gng tions was confirmed by restimulation with NP118-126 peptide in
AAAGC-3 an g . .
AG-3" Bax, 5-ACAGATCATGAAGACAGGGG.3 and 5.CAAAGTAGAA IFN-y ELISPOT qssaysllwhere a 1:1 correlation between tetramer :
GAGGGCAACC-3; hypoxanthine phosphoribosyltransferase (HPRT);, 5 and IFI\!Jy-pr(.)ducmg cells was c_)bserved' -
GTAATGATCAGTCAACGGGGGAC-3'and 5'-CCAGCAAGCTTGCA After isolation of pure populations{95%) of Ag-specific cells,
ACCTTAACCA-3"; Bcl-2, 5'-TTCTCCTTCCAGCCTGAGAGCAA-3"  total RNA was extracted and first-strand synthesis was performed
aér)ﬂ\gc'é;?ég%%ﬁﬁ?@g‘%@éﬁgﬁgﬁ%g éCAAéTCAA-(r;G?? using an oligo(dT)s primer. We examined the expression of four
Bad,5-TCCGGAGCCTGGGGAGCGACGCGGG-ahd5’-CTCATCGb types of genes, those mvglved in T cell effector (perforin aqd
TCATCCTTCGGAGCTC-3'; IFNy, 5-AGCGGCTGACTGAACTCAG  IFN-v) and regulatory functions (LKLF and FasL), and apoptosis
ATTGTAG-3' and 5-CGTCTAGAGTCACAGTTTTCAGCTGTATAG  (Bcl-2, Bad, Bax, Bcl-x ), and cell cycle control (p21 and p27).
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FIGURE 2. Isolation of pure populations of Ag-specific CD8 T cells during viral infection. Spleen cells from naive and LCMV-infected BALB/c mice
days 5, 8, and 105 primary infection, and day 4 secondary infection were double-stained with antx@D&ther anti-CD11a or'NP118-126. CD11%

and CD8-positive and CD8 and tetramer double-positive cells were sorted based on the gates indicated by the rectangles. The presort analysis of ea
population is presented in (A), whereas the postsort analysis is presented in (B).
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Analysis of HPRT, a housekeeping gene for nucleotide biosynthespontaneously produce cytokines nor do they lyse cells unless they
sis, was included as a normalization control. re-encounter Ag. Surprisingly, memory cells contained high levels
Naive CD8" T cells do not produce cytokines or lyse cells until of IFN-v, but no detectable perforin mMRNA. After reinfection with

they encounter their cognate Ag and become activated. This igirus, memory cells redifferentiated into secondary effector cells.
reflected in Fig. 3A, which shows this population of cells containedrhese cells share similar abilities as primary effectors in that they
very little perforin or IFNyy mRNA. After infection with LCMV,  produce cytokines and lyse infected cells. These cells are also sim-
these cells became activated and elaborated their effector funge; 1o primary effector cells on a molecular level; they expressed

tions. These effector CDBT cells expressed IFN-mRNA on ¢omnaraple levels of IFN-and perforin mRNA. Negative con-
both days 5 and 8 during the primary response, whereas perforig, < ¢or 4l reactions failed to produce amplification products.
mRNA is highly expressed on day 8 at the peak of the effector

. X In addition to expressing effector molecules during an antiviral
response. After viral clearance and a return to homeostasis, Agr-

- esponse, CDB T cells express regulatory molecules that help to
specific CD8 T cells enter the memory phase. These cells do not P . P g . y p
control the size of the response. We first addressed expression of

indirect regulators in naive cells (FigB3 As shown in Fig. 3B,
these cells expressed little FasL mRNA but high levels of LKLF.

A Secondary After infection and differentiation of naive cells into effectors, an
Naive  Primary Effector Memory Effector increase in FasL mRNA was observed in effectors on both days 5
LS L8 HPRT and 8. LKLF levels appear to have decreased in the early effectors
— isolated on day 5, but have returned to normal levels in day 8
effector cells. After viral clearance and deletion of the effector
— IFN-Gamma cells, Ag-specific cells enter the memory phase. Memory cells are S
maintained at relatively constant numbers and undergo a slow pro- S
Perforin liferative renewal. Memory, unlike naive, cells do not require §
MHC class | TCR interactions for their division (17). These cells &
Secondary expressed little FasL but increased levels of LKLF. After reinfec- é"
Naive Primary Effector Memory Effector tion, secondary effectors express similar levels of LKLF and FasL 3
DS 08 HPRT as primary effectors. §

Because apoptosis plays a key role in downsizing the T cell
_ response we also examined the expression of several members o
Fas Ligand the Bcl-2 superfamily (see Fig. 3C). Naive cells, which are rela-

"MTRM//

tively resistant to apoptosis, contained moderate amourBgle? g
LKLF and Bax mRNA, whereaBad and Bcl-x_ were expressed at ex- §
tremely low levels. After activation, T cells become more suscep- %
Naive Primary Efiector Memory Eg:g{‘odrafy tible to apoptosis. In effectpr cells isolated early in the response, <
D5 D8 Bcl-2 mRNA decreased slightly, where@ad, Bax, andBcl-x g
_ HPRT remained below the limit of detection. By day 8, at the peak ofthe @
response, before the onset of the death phase, expression of all foud
_ Bcl-2 members of théBcl-2 superfamily increased. After completion of S
the death phase, Ag-specific cells enter the memory phase andg
_ Bcl-x reacquire resistance to apoptosis. This resistance to apoptosis isﬁ
reflected by increased levels BEl-2 mRNA, whereaBcl-x_re- ﬁ
— Bax mains below the limit of detection. Expression B&d and Bax, =
_ Bad two proapoptotic genes, was also increased in these cells. Uponoo
rechallenge and generation of secondary effectors, these cells again
D Secondary become sensitive to apoptosis. This sensitivity is accompanied by
Naive  Primary Effector Memory Effector decreased levels dcl-2, Bad, andBax mRNAs, and increased
DS D8 levels of Bel-x .
HPRT . . . .
In addition to apoptosis, the magnitude of a CD8 response will
p27 also be controlled by proliferation. Naive cells, which are mostly

resting, expressed high levels of the inhibitor CDKi p27. The ex-
pression of another CDKi, p21 was below the limit of detection.
p21 After infection and activation, Ag-specific CD8T cells begin a

) o - period of rapid Ag-driven proliferation. When effector cells were

FIGURE 3. Analysis of gene expression in Ag-specific CDF cells .

AR . . : .. examined at day 5 they expressed decreased levels of p27 and no
during viral infection. Total RNA was isolated from naive and Ag-specific
CD8" T cells 5, 8, and 105 days post primary infection and 4 days postdetectablg p2l. BY day 8, at the peak of the response and the end of
secondary infection. First-strand cDNA synthesis was performed using 4h€ Ag-driven proliferation, these cells expressed high levels of both
(dT),5 primer, and products were amplified by 30 rounds of amplification p27 and p21. Memory cells also undergo homeostatic proliferation
using primers specific for murine IFN-and perforin (A), FasL and LKLF  that is far slower than the Ag-driven proliferation. Surprisingly, these
(B), Bel-2, Bel-x, Bad, andBax (C), p21e™/“*%, p27°* (D), and HPRT  cells did not express detectable levels of either molecule. Upon rein-
was included as a normalization control. Products were resolved on a z'féctlon, another period of Ag-driven proliferation is induced that

agarose gel, stained with ethidium bromide, and photographed. Data are

representative of two experiments performed with pools of three mice inn:"a(:hed amaximum at 4 days postinfection. Cells isolated at this point

each group. expressed high levels of p27 but not p21 mRNA.


http://www.jimmunol.org/

798 GENE EXPRESSION IN VIRUS-SPECIFIC CD8T CELLS

Table I. Summary of gene expression in Ag-specific naive, effector, and memory TedIs

Effectors
Naive D5 D8 Memory Comments

Effector molecules Increased expression of IFINMRNA may account for the
IFN-y - + ++ +++ more rapid cytokine response of memory cells.
Perforin - +/— + -

Regulatory molecules LKLF expression decreases upon TCR stimulation (D5
LKLF + - + ++ early effectors) but returns to normal levels by D8 (late
Fas L +/— + ++ +/— effectors). This underscores the fact that LKLF

expression correlates with recent TCR stimulation.
LKLF expression remains high in memory cells.

Apoptosis control Increased expression 8ktl-2, Bad, andBaxin memory
Bcl-2 + — + ++ cells suggests these cells control sensitivity to apoptosis
Bad +/— - + ++ differently than naive cells.

Bax + +/—= ++ +++
Bcel-x + - ++ +/—

Cell cycle control Differential expression of p27 between naive and memory
p21 - - + - cells suggests that these cells control proliferation
p27 + +/— + - through different mechanisms.

2 A minus (—) symbol indicates expression below the limit of detection. Th&ymbol indicates expression at the limit of detection. Increases in expression are indicatedg
by + symbols.

N\

Discussion LKLF levels are below the limit of detection on day 5, but have
In this paper we have analyzed gene expression in Ag_speciﬁteturned to levels comparable to those found in naive cells by day
effector and memory CD8T cells isolated during a viral infec- 8 of infection. A critical difference between these two time points
tion. A summary of our observations is presented in Table I. On ds that on day 5 Ag-specific cells may have recently encountered
molecular level naive, effector, and memory cells can be distinAd, Whereas at day 8 very few cells will have done so. This ob-
guished by their genetic programs. Of particular interest are thé&ervation underscores the fact that LKLF expression correlates
differences observed between naive and memory cells; memoriore with recent TCR stimulation than with effector status. In
cells contained increasd®tl-2, Bad, Bax, LKLF, IFN-y, and de-  recent years, a large amount of data has accrued about the role o
creased p27 mRNA relative to naive cells. What are the conseFasL in controlling T cell death (12). The role of this molecule in
quences of these differences, and how do they affect the ability ogontrolling Ag-specific responses remains less clear. Lpr mice,
memory cells to mount a rapid secondary response? which contain a mutation in thEas gene, contain more Ag-spe-
Our first major observation is that memory cells contain in-cific CD8" T cells than wild-type mice 15 days postinfection (M.
creased levels oBcl-2, Bad, andBax mRNAs when compared Galvan, J. Whitmire, and J. G., unpublished observations). This
with naive cells. In addition to quantitative changes in gene ex-defect in deletion is not permanent, as by the time memory is
pression, memory cells express all three genes, whereas naive cefistablished Ipr and wild-type mice contain similar numbers of
primarily expressBcl-2 and Bax. Using an adoptive transfer sys- memory cells (21). In our study we observed increased expression 2
tem of transgenic CD4 T cells, Garcia and colleagues (18) ob- of FasL in effector cells that decreases in memory cells to a level },
served similar differences between naive and memory €4  slightly above that of naive. Whether this increased expression in &
cells. They observed that memory CDA cells contained in- memory cells has any functional consequences is under
creasedcl-x_andBax mRNAs. Differential expression ddcl-2 investigation.
protein in memory CD8 and CD4" cells has been documented  CD8" T cells undergo two different types of proliferation, ho-
before (19). The function of the increasBdI-2 found in CD8" meostatic and Ag driven. Homeostatic proliferation is a slow pro-
memory T cells is unclear; does it render these cells more resistagess that is MHC class | dependent for naive cells and independent
to apoptosis or serve as a counter to the increased levBmdzEnd  for memory cells (17). In conditions of severe lymphopenia in-
Bax? Although theBcl-2 superfamily is important in controlling duced by irradiation, homeostatic proliferation will continue until
susceptibility to apoptosis, other factors, such as loss of mitochonthe lymphoid compartment is full (22, 28). Ag-driven proliferation
drial potential and production of reactive oxygen species, will in-is extremely rapid as cells can complete one full cycle in 4—6 h.
fluence cell survival. The influence of these factors on CD&ell Our observation that memory cells do not express p27 or p21
survival is currently being addressed in our laboratory. mRNA, whereas naive cells express high levels of p27, suggests
In addition to theBcl-2 superfamily, other regulatory molecules the mechanisms that control homeostatic proliferation in these two
such as LKLF and FasL help to control the CD8 response. Origpopulations are different. Animals that contain a targeted mutation
inally identified as a transcription factor, null mutants of LKLF in the p27 gene display a gross hypertrophy with increased num-
rapidly lose all peripheral CD8 T cells. The few remaining T  bers of naive lymphocytes underscoring the role of this gene in
cells express an activated phenotype (11). Additional evidencenaintaining naive T cell homeostasis (23). The decreased levels of
from in vitro and in vivo stimulation demonstrates that LKLF lev- p27 in memory cells suggest that different CDKi may affect ho-
els decrease upon T cell activation (11, 20). Our study and othemneostasis of different populations. Considering that there are mul-
by Schober and colleagues demonstrate that memory cells contaiiple members of the CDKi family, other molecules such as p15,
LKLF levels equivalent to or greater than those found in naivepl6, and p57 could be controlling cell cycle decisions in these
cells (20). It is important to note that during the effector responsecells. In this study we confirm and extend previous observations
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that p27 levels decrease in cells activated by TCR stimulation (14).6.
It is important to note that when the Ag-driven proliferation slows
down on day 8, both p21 and p27 are highly expressed consistent
with a role for these molecules in blocking T cell cycle 7
progression.

In addition to differences in the expression of molecules relateds.
to cell cycle and apoptosis control we observed differences be-
tween naive and memory cells in the expression of molecules re-g,
lated to effector function. Memory cells, unlike naive cells, will
rapidly produce IFNy after Ag encounter. The IFN-mRNA lev-
els in memory cells were higher than those in naive cells and
comparable to those found in effector cells. Our results confirm

one aspect of other studies of effector and memory cells (24, 25)1.1'
In these studies the authors observed roughly equivalent levels ab.
IFN-y and perforin mRNA between effector and memory cells. 13
One potential caveat to our study is that gene expression may bg

altered by incubation with MHC class | tetramers. Although stud-
ies have shown that prolonged incubation with tetramers can lead

to activation of T cells (26), the conditions used in this study to1s.

isolate cells have been shown to be insufficient to induce cytolytic
activity (27) or IFN-y production in ELISPOT assays in Ag-spe-

cific memory cells isolated directly ex vivo. Our results also differ 16.

from previous studies of naive and memory cell gene expression in

that we cannot detect perforin mRNA in memory cells. Although ;7.

memory cells can produce cytokines with8 h of stimulation
these same cells require 12 h or more to lyse cells, suggestin)g3
differential gene expression may underlie the functional properties
of these cells.

Using MHC class | tetramer-sorted cells we have documented®

key differences in gene expression between naive and Ag-specific

effector and memory CDS8T cells. Our study shows that memory 20-

cells express a distinct profile of apoptosis-related genes and dif-
fering levels of effector and regulatory molecules than naive cells

that may provide a molecular basis for the functional differences’

between these cells.

22.
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