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Role of CD4 T Cell Help and Costimulation in CD8 T Cell
Responses During.isteria monocytogenes Infection*

Devon J. Shedlock* Jason K. Whitmire, 23* Joyce Tan?* Andrew S. MacDonald,"
Rafi Ahmed,* and Hao Shert*

CD4 T cells are known to assist the CD8 T cell response by activating APC via CD40-CD40 ligand (L) interactions. However,
recent data have shown that bacterial products can directly activate APC through Toll-like receptors, resulting in up-regulation

of costimulatory molecules necessary for the efficient priming of naive T cells. It remains unclear what role CD4 T cell help and
various costimulation pathways play in the development of CD8 T cell responses during bacterial infection. In this study, we
examined these questions using an intracellular bacteriumd, isteria monocytogenes, as a model of infection. In CD4 T cell-depleted,
CD4~'~, and MHC class II~'~ mice, L. monocytogenes infection induced CD8 T cell activation and primed epitope-specific CD8

T cells to levels commensurate with those in normal C57BL/6 mice. Furthermore, these epitope-specific CD8 T cells established
long-term memory in CD4~'~ mice that was capable of mounting a protective recall response. In vitro analysis showed that
monocytogenes directly stimulated the activation and maturation of murine dendritic cells. The CD8 T cell response td.. mono-
cytogeneswas normal in CD40L~'~ mice but defective in CD28’~ and CD137L~'~ mice. These data show that in situations where
infectious agents or immunogens can directly activate APC, CD8 T cell responses are less dependent on CD4 T cell help via the
CD40-CD40L pathway but involve costimulation through CD137-CD137L and B7-CD28 interactions. The Journal of Immunol-

ogy, 2003, 170: 2053-2063.

system for the investigation of immune responses to bac-

terial infection (1). Listeria monocytogenes is a Gram-
positive, facultative intracellular bacterium that replicates within
the cytosol of both phagocytic and nonphagocytic cells following
bacteria-mediated endosomal escape (2). Once in the host cell cy-
tosol, this bacterium employs an actin-based mechanism of loco-
motion to spread into neighboring cells without encountering the
extracellular milieu (3, 4). Upon L. monocytogenes infection, ac-
tivated macrophages, neutrophils (5), NK cells (6), and y5 T cells
(7) are critical for the initial control of bacterial growth. Adaptive
immune responses take several days to develop and play no ap-
parent role in the early control of a primary infection. Upon rein-
fection, Ag-specific memory T cells mount a prompt response,
mediating rapid bacterial clearance and providing protective im-
munity against otherwise lethal challenges (8). Although it has
been well established that CD8 T cells play a critical role in pro-
tective immunity to L. monocytogenes (9—11), the contribution of

T he murine model of listeriosis has proven to be a powerful
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CD4 T cells to antilisterial immunity remains less well defined.
Inconsistent results have been reported from studies using in vivo
depletion of CD4 T cells, the adoptive transfer of purified T cell
subsets, and CD4 T cell KO mice (10, 12-14). During a primary
response, it is known that naive CD4 T cells directly contribute to
antilisterial defense by differentiating into Thl cells (15) and fa-
cilitating the granulomatous response (16). In addition, CD4 T
cells have been shown to work synergistically with CD8 T cellsin
mediating protective immunity (17). Thus, it is hypothesized that
CDA T cells provide help for the efficient induction of CD8 T cell
responses during L. monocytogenes infection.

The development of primary CD8 T cell responses is thought to
be assisted directly by CD4 T cells in two ways: 1) the activation
of professional APC, which increases their ability to deliver co-
stimulation to Ag-specific naive CD8 T cells and 2) the secretion
of cytokines that facilitate CTL expansion and activity (18). The
latter pathway of CD4 T cell help has long been recognized and
involves the differentiation of naive CD4 T cellsinto Thl helpers
that secrete distinctive patterns of cytokines, which augment CTL
expansion and enhance the production of cytotoxic molecules (19).
However, several recent studies have indicated that the first path-
way is the dominant form of CD4 T cell help for the priming of
naive CD8 T cells (20-23). This pathway entails the engagement
of the CD40 ligand (L)® on CD4 T cells to the CD40 molecule on
dendritic cells (DC). DC activation and maturation ensues, result-
ing in the up-regulation of B7-1 (CD80) and B7-2 (CD86) on DC,
which subsequently interact with CD28 on CD8 T cells and pro-
vide the costimulatory signal for the efficient priming of naive
Ag-specific CD8 T cells (24, 25). Additional costimulatory mol-
ecules, such as TNFR superfamily members like CD137 (4-1BB),

© Abbreviations used in this paper: L, ligand; TLR, Toll-like receptor; PAMP, patho-
gen-associated molecular pattern; rL m, recombinant L. monocytogenes; LCMV, lym-
phocytic choriomeningitis virus; p.i., postinfection; NP, nucleoprotein; LLO, listerio-
lysin O; DC, dendritic cell; HKLm, heat-killed L. monocytogenes, MOI, multiplicity
of infection.
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also play arolein T cell activation (26—29). Ligation of CD137
with itsligand (CD137L), which is expressed on NK cells, B cells,
macrophages and DC, provides a CD28-independent costimula-
tory signal leading to CD4 and CD8 T cell expansion, cytokine
production, development of CTL effector function, and promotion
of cell survival (26, 27, 30-33). Although “conditioning” of APC
by CD4 T cells through costimulatory interactions has been well
established as a major form of help for CD8 T cell responses to
model Ags, the requirements and mechanisms of CD4 T cell help
in vivo are not fully understood, particularly for CD8 T cell re-
sponses to bacterial infection.

It has been shown recently that many bacterial products are
recognized by Toll-like receptors (TLR) on DC and macrophages.
These include recognition of peptidoglycan by the heterodimer of
TLR2 and TLR6, LPS and lipoteichoic acid by TLR4, flagellin by
TLR5, and bacterial DNA by TLR9 (34-37). Stimulation with
these bacterial products induces DC activation and maturation, up-
regulates MHC class |1, CD80, and CD86, and enhances their abil-
ity to activate T cells in secondary lymphoid organs (35). These
recent findings suggest that bacterial infection may directly acti-
vate DC through TLR without the engagement of CD40-CD40L
interaction with CD4 T cells and thus allow efficient priming of
CD8 T cellsin the absence of CD4 T cell help. In this context, it
is not known what role various costimulatory pathways may play
in the induction of the CD8 T cell response to bacterial infection.

In this study, we examined quantitatively the contribution of
CD4 T cells to the induction, maintenance, and recall response of
Listeria-specific CD8 T cells. We used recombinant L. monocyto-
genes (rLm) expressing well-defined MHC class |-restricted
epitopes to characterize Ag-specific CD8 T cell responses. Our
results show that rLm infection induces similar levels of CD8 T
cell activation in normal C57BL/6 and CD4 T cell-deficient mice.
Ag-specific CD8 T cell responses developed normally during the
initial expansion phase but established a slightly lower level of
immunological memory in the absence of CD4 T cell help. These
memory CD8 T cells persisted in CD4 '~ mice and were capable
of mounting a protective recall response, athough fewer effector
cells were generated during the recall response compared with
C57BL/6 mice. We further showed that incubation of murine DC
with heat-killed or live L. monocytogenes resulted in DC activation
and maturation that were accompanied by up-regulation of B7-1
and B7-2 expression. Analysis of requirements for costimulation
showed that athough Listeria-specific T cell responses were in-
duced independently of CD40-CD40L interactions, they were de-
pendent upon the B7-CD28 pathway. In addition, T cell activation
and epitope-specific CD8 T cell expansion was moderately af-
fected in CD137L '~ mice. Altogether, these data are consistent
with a model whereby L. monocytogenes infection bypasses CD4
T cell help by directly activating APC to prime epitope-specific
CD8 T cells through a CD40-independent but CD28-dependent
pathway. However, optimal levels of CD8 T cell memory are es-
tablished in the presence of CD4 T cell help.

Materials and Methods

Mice
Adult male or female C57BL/6, CD4 '~ (C57BL/6-Cd4™* M) and MHC
class 117/~ (C57BL/6Tac-Abb™ N5) mice were purchased from the Na-

tional Cancer Institute (Frederick, MD), The Jackson Laboratory (Bar Har-
bor, ME), and Taconic Farms (Germantown, NY), respectively.
CD40L /", 4-1BBL /", and CD28 '~ mice, as described previously by
others (30, 38, 39), were bred in-house. Mice were cared for in accordance
with Institutional Animal Care and Use Committee-approved protocols at
the University of Pennsylvania School of Medicine Animal Facility (Phil-
adelphia, PA) or at Emory University (Atlanta, GA).

Bacteria and virus

The construction of the rLm strains used has been described in detail pre-
viously (40). The rLm strain XFL203 (referred to as rLm33 in this report)
expresses the glycoprotein epitope gpss_4; (gp33) from lymphocytic cho-
riomeningitis virus (LCMV). The gp33 epitope is secreted by rLm33 as
part of alisteriolysin O (LLO)-PhoA fusion protein under the control of the
hemolysin promoter (40). Similarly, the rLm strain XFL204 (referred to as
rLm396) secretes the LCMV nucleoprotein (NP) epitope NPsgg_aoa
(NP396) as part of an LLO-PhoA fusion protein. Bacterial strains were
maintained as —80°C stocks in brain-heart infusion/50% glycerol, inocu-
lated onto brain-heart agar, then grown overnight at 37°C with aeration.
The rLm33 strain is slightly attenuated, with a LDy, of 5 X 10° CFU in
C57BL/6 mice compared with 5 X 10* CFU for the wild-type 10403S
strain. Mice were immunized i.v. with a sublethal dose of 5 x 10* CFU of
rLm33 (~0.1 LDgp). At this sublethal dose (0.1 LDgy), bacteria were
cleared by day 5 postinfection (p.i). For virus infection, mice were injected
i.v. with 1 X 10° PFU of LCMV clone 13 (41). Infectious virus in serum
of infected mice was measured by plagque assay on Vero cell monolayers as
previously described (41).

In vivo depletion of CD4 T cells

Mice were injected i.p. with 200 ug of purified anti-mouse CD4 mAb
(clone GK1.5) 2 days before (day —2) and at the time of infection (day 0)
(42), resulting in >96% reduction in the number of splenic CD4 T cells at
the time of rLm infection as determined by flow cytometry.

DC generation and activation

DC were generated from murine bone marrow by culturein GM-CSF (Pep-
roTech, Rocky Hill, NJ) for 11 days as described previously (43, 44). Cells
generated by this method comprised 95% DC (class I1"CD11c™), with the
remainder of the cells being predominantly granulocytes. No contaminat-
ing B cells, macrophages, CD4, or CD8 T cells were generated under these
conditions, as determined by FACS using mAbs specific for B220, F4/80,
CD4, and CD8-« (data not shown). For activation of DC, bone marrow-
derived DC were incubated for 18 h with 100 wg/ml LPS, heat-killed L.
monocytogenes (HKLm), or live L. monocytogenes. HKLm was produced
by incubation at 90°C for 30 min, followed by three washes in PBS. For
live L. monocytogenes stimulation of DC, a mixture of antibioticsincluding
100 U/ml penicillin, 100 pwg/ml streptomycin, and 20 pg/ml tetracycline
was added 4 h following the addition of bacteria.

Flow cytometry

Surface staining was performed using freshly explanted splenocytes that
were stained in 1% BSA/PBS (w/v) using fluorochrome-conjugated mAbs,
anti-CD8 (clone 53-6.7), anti-CD4 (clone RM4-5), anti-CD44 (clone IM7),
and anti-CD62L (MEL-14), purchased from BD PharMingen (San Diego,
CA). CD8 T cells specific for gp33 were quantified and phenotyped with
MHC class | H-2D"/gp,; 4, (D"/gp33) tetramers (45). After staining, cells
were fixed in 2% paraformaldehyde/PBS (w/v), and events were acquired
using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).

IFN-y ELISPOT and intracellular staining assays

gp33-specific responses were measured by |FN-y ELISPOT assay as de-
scribed previously (45, 46). The capture Ab, anti-mouse IFN-y (clone R4-
6A2), and the detection Ab, biotinylated anti-mouse IFN-y (clone
XMGL1.2), were purchased from BD PharMingen. gp33 peptide was used
at 1 uM to stimulate CD8 T cells. Intracellular cytokine staining was per-
formed using a Cytofix/Cytoperm kit (BD PharMingen) in accordance with
the manufacturer’s protocol. Briefly, splenocytes were cultured at 37°C
with 5% CO, for 5 h in complete medium supplemented with 50 U/ml
recombinant human IL-2, 1 ul/ml GolgiStop with monensin, and in either
the presence or absence of 0.1 uM gp33 (KAVYNFATM) or NP396
(FQPQNGQFT) or 3.0 uM LLO190 (NEKYAQAYPNVS) peptide. Cells
were then surface stained with anti-CD4, anti-CD8, and anti-CD44 or anti-
CD62L mADbs, washed twice, and then incubated with Cytofix/Cytoperm to
permeabilize the plasma membranes. Staining for intracellular cytokines
was performed using anti-IFN-y (clone XMG1.2) or anti-TNF-« (clone
MP6-XT22) mAbs (BD PharMingen). Similar results were observed with
or without IL-2 in the in vitro culture.

CTL assay

To analyze CTL responses after LCMV clone 13 challenge, splenocytes
(4 x 10%well) from infected mice were used directly without in vitro
culture in an ex vivo CTL assay. gp33-specific cytotoxic activity was de-
termined in a standard 5-h 5*Cr release assay using peptide-coated or un-
coated target cells as described previously (47).
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T cell proliferation assay

Spleen cells from individual mice were plated in triplicate at 8 X 10°
cellsiwell (4 X 10°ml) in 96-well plates and stimulated with HKLm
(equivalent to 1 X 10° CFU) or left unstimulated. The cultures were in-
cubated for 48 h at 37°C in 6% CO, and then pulsed with 50 Ci/ml [3H]thy-
midine for 24 h. Plates were harvested using a Tomtec harvester (Tomtec,
Hamden, CT), and incorporation of [*H]thymidine was measured using a
Microbeta Trilux scintillation counter (Wallac, Gaithersburg, MD).

Results
CDA4 T cell responses to L. monocytogenes infection

To analyze apossiblerole of CD4 T cellsin providing help to CD8
T cell responses, we first examined the CD4 T cell response to L.
monocytogenes. C57BL/6 mice were infected with asublethal dose
of a recombinant L. monocytogenes strain, rLm33, which ex-
pressesthe CD8 T cell epitope gps;_4, from LCMV. Bacteriawere
cleared from spleens and livers by 5 days p.i. (data not shown). To
assess the activation of CD4 T cells, we analyzed surface expres-
sion of the activation marker CD44 at the peak of the T cell re-
sponse at 7 days p.i. (Fig. 1A). In infected mice, more CD4 T cells
exhibited an activated (CD44"9" phenotype in comparison to na-
ive mice (Fig. 1A). This activation was accompanied by the ex-
pansion of the CD4 T cell population (Fig. 1B). The number of
total CD4 T cells per spleen expanded 6-fold, from 4 X 10° in
naive mice to 25 X 10° cells in infected mice. Thus, L. monocy-
togenes infection induced vigorous activation and expansion of the
CDA4 T cell subset in C57BL/6 mice, as seen previously (48-50).

To assess the Ag-specific CD4 T cell response, we stimulated
splenocytes from rLm33-immunized C57BL/6 mice with HKLm

A B
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FIGURE 1. CD4 T cell responses to L. monocytogenes infection.
C57BL/6 mice were infected with asublethal dose of rLm33. A, Activation
of CD4 T cells was examined 7 days p.i. by FACS analysis of CD44
expression. Numbers (62/26) indicate percentages of splenocytes that are
activated (CD44"9" CD4 T cellsin infected/naive mice. FACS histograms
are from a representative mouse of three in each group. B, Absolute num-
bers of activated (CD44"9") and resting (CD44'°%) CD4 T cells in the
spleen of naive and rLm33-infected mice at day 7 p.i. Data represent the
average and SD of three mice per group. C, Listeria-specific CD4 T cell
responses were measured by an in vitro proliferative response to HKLm.
Splenocytes from naive or rLm33-infected mice were cultured with or
without HKLm for 48 h and then pulsed with [3H]thymidine for 24 h. Data
represent the average and SD of triplicate assays of three mice per group.
D, Absolute numbers of LLO,q-specific cells per spleen were determined
by ELISPOT assay. Each triangle represents a single mouse and the limit
of detection is indicated by the dashed line.
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in vitro and measured [*H]thymidine incorporation, a method tra-
ditionally used to measure the presence of Listeria-specific CD4 T
cells (Fig. 1C). In this assay, the proliferative response stimulated
by HKLm is exclusively due to Listeria-specific CD4 T cells and
not CD8 T cells or B cells since only in vitro depletion of CD4 T
cells abolishes proliferation (51). No proliferation above back-
ground levels was detected when splenocytes from naive control
mice were stimulated with HKLm, whereas splenocytes from
C57BL/6 mice previously immunized with rLm33 proliferated ex-
tensively in response to HKLm stimulation (Fig. 1C). In addition,
we analyzed the CD4 T cell response to arecently identified, MHC
class Il-restricted epitope (LLO;g0_50,) from LLO (52). LLO190-
specific CD4 T cells were readily detected by ELISPOT and in-
tracellular IFN-vy staining as they made up 3-5% of total splenic
CD4 T cells and reached 1 X 10° cells/spleen on day 7 p.i. (Fig.
1D and data not shown). Altogether, these results demonstrate that
arobust Listeria-specific CD4 T cell response occurs following L.
monocytogenes infection.

CD8 T cell responses to L. monocytogenes infection in CD4 T
cell-depleted mice

In light of the strong CD4 T cell response we and others have
observed during L. monocytogenes infection, we next analyzed the
contribution of CD4 T cellsto CD8 T cell responses by depleting
CD4 T cellsin vivo using anti-CD4 mAbs (GK1.5). As expected,
few CD4 T cells were detected in the spleens of anti-CD4 mAb-
treated mice (Fig. 2A). These and untreated control mice were
infected with a sublethal dose of rLm33. Bacteria were cleared
from spleens and livers of both CD4 T cell-depleted and untreated
mice by day 5 p.i. (data not shown). Expression of CD44 was
up-regulated on CD8 T cells in rLm33-infected mice compared
with naive mice (Fig. 2A). Similar levels of CD8"CD44"9" cells
were observed between CD4-depleted and untreated control mice
that were infected with rLm33, with the majority of cells exhibit-
ing an activated (CD44"9") phenotype. Interestingly, slightly
fewer CD44'™" cells were present in the CD4-depleted than in the
undepleted mice. Although the reason for this minor difference is
not known, the results neverthel ess indicate that a complete pool of
CD4T cellsisnot required for the activation of CD8 T cellsduring
L. monocytogenes infection.

To examine the generation of epitope-specific CD8 T cells, we
quantified CD8 T cells specific to the gp33 epitope in rLm33-
infected mice by intracellular IFN-vy staining (Fig. 2B). In CD4 T
cell-depleted mice, ~2.1% *+ 0.4 of splenic CD8 T cells from
three mice produced IFN-vy after in vitro stimulation with gp33
peptide and asimilar frequency (2.1% = 1.2) was detected in mice
not depleted of CD4 T cells. IFN-y-producing cells al expressed
a CD44"9" phenotype as expected and were specific to the gp33
epitope, since neither cultures without peptide nor splenocytes
from uninfected mice that were stimulated with gp33 had IFN-vy-
producing cells. Thus, similar frequencies of gp33-specific IFN-
y-producing CD8 T cells were induced by infection with rLm33in
both untreated and CD4 T cell-depleted mice, suggesting that CD4
T cells are not required for the generation of epitope-specific CD8
T cells.

CD8 T cell response to L. monocytogenes infection in CD4~/~
and MHC 11/~ mice

Results from rLm33-infected mice depleted of CD4 T cells suggest
that CD4 T cells are not required for the priming of naive CD8 T
cells during L. monocytogenes infection. However, in vivo mAb-
mediated depletion of CD4 T cells is transient and may not be
100% effective. Thus, the possibility exists that a small residual
population of CD4 T cells may be sufficient to influence the CD8
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FIGURE 2. CD8T cell responsesin CD4 T cell-depleted mice follow-
ing L. monocytogenes infection. C57BL/6 mice were depleted of CD4 T
cells by in vivo administration of anti-CD4 mAb (GK1.5). CD4 T cell-
depleted and control mice were infected with a sublethal dose of rLm33. A,
Activation of CD4 and CD8 T cells was examined on day 7 p.i. by FACS
analysis of CD44 expression. Numbers above gates indicate mean percent-
age and SD of splenocytes that are activated (CD44"9") or resting
(CD44'°") CD4 and CD8 T cells. B, gp33-specific cells were quantified by
intracellular IFN-vy staining after in vitro stimulation of splenocytes with or
without gp33 peptide. FACS plots are gated on CD8" cells and numbers
within gate indicate the mean percentage and SD of CD8 T cells that
produce IFN-vy. Each FACS plot is a representative mouse of three from
each group. Similar results were observed from two independent
experiments.

T cell response to L. monocytogenes infection. To resolve this
issue, we examined CD8 T cell responses in CD4 T cell-deficient
mice following infection with rLm33.

Similar to CD4 T cell-depleted mice, CD4~/~ mice were fully
capable of controlling rLm33 infection in the spleens and livers by
day 5 p.i. (data not shown). On day 7 p.i., the activated CD8 T cell
population (CD8"CD44"9") in the spleens of CD4 '~ mice rose
from 7.1% = 1.4 in naive to 28% = 7.7 in infected mice, com-
pared with an increase from 4.5% = 0.9 in naive to 25% =+ 5.2in
infected C57BL/6 mice. These results show that the activation of
CD8 T cells was not diminished in CD4 '~ mice (Fig. 3A). The
dightly higher percentage of activated CD8 T cells in CD4 /'~
mice may reflect an enrichment of the CD8 T cell population due
to the lack of CD4 T cell expansion. To analyze the expansion

quantitatively, we compared the absolute numbers of total spleno-
cytesand of CD8 T cellsin C57BL/6 and CD4~'~ mice (Fig. 3B).
Onday 7 p.i., the number of total splenocytes expanded from 6 X
107 to 18 X 107 cells in C57BL/6 but only to 13 X 107 cellsin
CD4~’~ mice. This reduced expansion of total splenocytes in
CD4~'~ mice was most likely due to the lack of CD4 T cells but
might also reflect reduced CD8 T cell and/or B cell proliferation
and macrophage infiltration that are dependent on CD4 T cell help.
Although the CD8 T cell populations in both C57BL/6 and
CD4~'~ mice expanded to ~41 X 10° cells/spleen, the fold of
expansion was less in CD4~/~ mice (2.6-fold) than in C57BL/6
mice (4.3-fold). This reduced expansion may be due in part to the
fact that CD4~/~ mice started with a greater number of CD8 T
cells (18 X 10%spleen in naive CD4~/~ compared with 10 X
10%spleen in naive C57BL/6 mice, Fig. 3B; Ref. 53). Notably,
amost all of the CD8 T cell expansion in both mouse strains was
due to increases in the number of activated CD8"CD44"9" cells,
while the number of resting CD8"CD44'°" cells declined slightly
or remained relatively unchanged after rLm33 infection (Fig. 3B).
On the other hand, CD8"CD44'°" cells, as the percentage of total
splenocytes, decreased markedly after rLm33 infection (Fig. 3A).
Thiswas likely attributable to expansion of activated T and B cells
and infiltration of phagocytic cells, thus making CD8*CD44'°¥
cells a smaller percentage of total splenocytes. Thus, L. monocy-
togenes infection induced similar activation and expansion of CD8
T cellsin normal C57BL/6 and CD4 '~ mice.

We next examined whether rLm33 infection of CD4 /~ mice
generated epitope-specific CD8 T cells, as was observed in mAb-
mediated CD4 T cell-depleted mice. At day 7 p.i., gp33-specific
CD8 T cells were detected in spleens of both C57BL/6 and
CD4~’~ mice, as measured by tetramer and intracellular IFN-y
staining (Fig. 3, C and D). Approximately 2.9% =+ 0.9 of splenic
CD8 T cells from rLm33-infected C57BL/6 mice produced |FN-vy
after in vitro stimulation with the gp33 peptide, whereas 1.6% *+
0.3 of splenic CD8 T cells in rLm33-infected CD4 '~ mice were
specific to the gp33 epitope at day 7 (Fig. 3D). Similar levels of
gp33-specific CD8 T cells at day 7 p.i. were aso detected by
D"/gp33 tetramer staining in rLm33-infected normal and CD4 '~
mice, 2.46% =+ 0.8 and 1.66% = 0.2, respectively (Fig. 3C). Fur-
thermore, we infected MHC |1/~ mice with rLm33 and rLm396,
which expresses an H-2DP-restricted NPygs 40, €pitope of LCMV,
and observed similar levels of epitope-specific T cell responses
between MHC 117/~ and normal C57BL/6 mice for both epitopes
(data not shown). Together, the results from CD4 T cell-depleted,
CD4~’~ and MHC 11/~ mice, using two different CD8 T cell
epitopes, clearly demonstrate that L. monocytogenes infection in-
duces normal CD8 T cell responses in the absence of CD4 T
cell help.

Establishment, maintenance, and functionality of CD8 T cell
memory following L. monocytogenes infection of CD4~/~ mice

Our results have clearly demonstrated that CD4 T cells are not
required for inducing epitope-specific CD8 T cell responsesto rLm
infection. We next examined the role of CD4 T cells in the estab-
lishment and maintenance of memory CD8 T cells by enumerating
gp33-specific CD8 T cells at different days p.i. with rLm33. At
days 7 and 15, the frequencies and total numbers of gp33-specific
CD8 T cellsin C57BL/6 and CD4~/~ mice were not significantly
different (Fig. 4). By day 21, CD4~’~ mice had ~5-fold fewer
gp33-specific cells than C57BL/6 mice, indicating a slightly less
efficient establishment of memory CD8 T cells in the absence of
CD4 T cell help. However, from days 21 to 150, the frequencies
and total numbers of gp33-specific CD8 T cells did not signifi-
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FIGURE 3. CD8T cell responses to L. monocytogenes infection in CD4 '~ mice. C57BL/6 and CD4 '~ mice were infected with a sublethal dose of
rLm33 and CD8 T cell activation and expansion were analyzed on day 7 p.i. A, FACS analysis of CD44 expression on CD4 and CD8 T cells. Numbers
indicate mean percentage and SD of splenocytes that were activated (CD44"9" or resting (CD44'°") CD4 and CD8 T cells. B, Absolute numbers of total
splenocytes, CD8 T cells, activated (CD8*CD44"9" and resting (CD8"CD44'*") CD8 T cells in the spleen of uninfected and rLm33-infected mice. C,
Tetramer D%gp33* CD8 T cells in rLm33-infected C57BL/6 and CD4 '~ mice. Numbers above gates represent mean percentage and SD of tetramer-
positive CD8 T cells in the spleen. D, Induction of gp33-specific CD8 T cellsin CD4~/~ mice following rLm33 infection. gp33-specific CD8 T cells were
determined by staining for intracellular IFN-+y of splenocytes after in vitro stimulation with gp33 peptide. Shown are FACS plots with numbers within gate
indicating the mean percentage and SD of CD8 T cells that were specific to the gp33 epitope. Each FACS dot plot in A, C, and D is from a mouse
representative of three per group. Data in B represent the averages of three mice per group, with lower error bars indicating SD. Similar results were

observed from three independent experiments.

cantly change in the spleens of either C57BL/6 or CD4 ™/~ mice.
Thus, epitope-specific CD8 T cells are maintained up to at least
150 days in CD4~’~ mice, indicating that CD4 T cells are not
required for the long-term persistence of memory CD8 T cells.
We next investigated whether gp33-specific memory CD8 T
cells were capable of conferring protection in the absence of CD4
T cell help. We challenged rLm33-immunized C57BL/6 and
CD4 '~ micewith clone 13, avirulent strain of LCMV that causes
immunosuppression and a prolonged infection in naive mice.
C57BL/6 and CD4 '~ mice previously immunized with rLm33
exhibited massive activation of CD8 T cells in response to chal-
lenge with clone 13, with amajority of CD8 T cells expressing an
activated (CD44"'9" phenotype at 7 days postchallenge (Fig. 5A).
Thisisin contrast to nonimmunized mice which had relatively low

levels of CD8 T cell activation following LCMV clone 13 infec-
tion. The enhanced activation of CD8 T cellsin rLm33-immunized
mice correlated with astrong recall response mounted by the gp33-
specific memory CD8 T cells in both C57BL/6 and CD4 ™/~ mice
(Fig. 5B). On day 7 after LCMV challenge, C57BL/6 mice previ-
ously immunized with rLm33 had 10-fold more gp33-specific
IFN-vy-producing cells (~3.1 X 10%spleen) than nonimmunized
mice (~3.5 X 10%spleen). Similarly, CD4~’~ mice previously
immunized with rLm33 mounted a stronger gp33-sepcific response
than nonimmunized mice (~1.5 X 10° cells in rLm immunized
compared with ~2.2 X 10* cells in nonimmunized). A 3-fold
greater number of IFN-y-producing cells was detected in rLm-
immunized C57BL/6 mice than in rLm-immunized CD4~/~ mice.
These data suggest that although CD4 T cells are not required
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FIGURE 4. gp33-specific CD8 T memory cells are maintained in
CD4 '~ mice following rLm33 infection. gp33-specific CD8 T cellsin the
spleens of C57BL/6 and CD4~/~ mice were quantified by ELISPOT on
days 7, 15, 21, and 150 following rLm33 infection. A, Total number of
gp33-specific cells per spleen. B, Frequency of gp33-specific cellsper 1 X
10° CD8 T cells. Numbers within the graph represent the frequency of
Ag-specific cells within the CD8 T cell population at each time point. Data
represent the averages of at least three mice per group, with error bars
indicating SD.

during the recall response of memory CD8 T cells they may aug-
ment gp33-specific CD8 T cell expansion.

In addition to secreting cytokines, another effector function of
CD8 T cells critical for the control of LCMV infection is cytotox-
icity. We thus measured CTL activities by performing direct ex
vivo CTL assays using gp33 peptide-coated targets (Fig. 5C).
There was little to no killing by splenocytes from naive mice chal-
lenged with clone 13. Splenocytes from both C57BL/6 and
CD4 '~ mice previously immunized with rLm33 and then chal-
lenged with clone 13 were able to mediate target cell lysis, al-
though higher levels of cytolysis was observed in C57BL/6 than in
CD4~'~ mice. The higher levels of killing by cells from C57BL/6
mice likely reflect greater numbers of gp33-specific T cellsin these
mice, as shown in Fig. 5B. These resultsindicate that memory CD8
T cells from rLm-immunized CD4/~ mice were functional effec-
tors capable of IFN-y secretion and the killing of target cells.

The enhanced recall response by memory gp33-specific CD8 T
cells provided protection against challenge with LCMV clone 13
in both C57BL/6 and CD4 '~ mice (Fig. 5D). At day 21 post-
challenge, nonimmunized C57BL/6 and CD4/~ mice had high
levels of virus in the blood (~6 X 10%* PFU/ml of serum). In
contrast, rLm33-immunized C57BL/6 mice had no detectable virus

while immunized CD4 '~ mice exhibited a 100- to 1000-fold de-
crease in viral titers compared with naive mice (<10% PFU/ml of
serum). The dlight differences in protection between immunized
C57BL/6 and CD4 '~ mice correlate with fewer gp33-specific
IFN-y-producing cells and lower gp33-specific cytotoxicity ob-
served in CD4 '~ mice (Fig. 5, B and C). Nevertheless, these
results show that rLm33 immunization of CD4~/~ mice induces
memory CD8 T cells that are capable of mounting a recall re-
sponse that provides protective immunity against challenge with
the LCMV clone 13.

Direct activation of DC by L. monocytogenes

Our results have clearly demonstrated that CD8 T cell responses
can be generated in the absence of CD4 T cells following L. mono-
cytogenes infection. Since CD4 T cells are known to help CD8 T
cell responses by activating APC such as DC, we next examined
the possibility of an alternative pathway of DC activation. Recent
data have shown that bacterial products can directly activate mac-
rophages and DC through TLR; thus, we analyzed the effect of L.
monocytogenes on DC activation and maturation. We cultured
bone marrow-derived immature DC with HKLm or live L. mono-
cytogenes in vitro and measured the surface expression of MHC
classll, B7-1, B7-2, and CD40, markers known to be up-regulated
upon DC activation (Fig. 6). HKLm at a multiplicity of infection
(MOI) of 5 and 500 stimulated up-regulation of these moleculesin
a dose-dependent manner and to levels comparable to those in-
duced by LPS stimulation. Incubation of DC with live L. mono-
cytogenes also stimulated DC activation. Although HKLm at a
MOI of 500 stimulated DC activation similar to that of LPS, live
L. monocytogenes at a MOI of only 0.1 exhibited this same effect.
Furthermore, incubation with live L. monocytogenes at a 1 log
greater dosage (MOI = 1.0) stimulated DC activation marker up-
regulation that surpassed that of 100 wg/ml LPS, with the greatest
effect on the expression of B7-2. These data indicate that L. mono-
cytogenes can directly activate DC and induce surface expression
of costimulatory molecules necessary for efficient priming of naive
T cells.

Role of CD40-CD40L, CD137-CD137L, and CD28-B7
interactions for the induction of CD8 T cell responses to
L. monocytogenes

Activation of APC by CD4 T cells depends on CD40-CD40L in-
teraction and results in up-regulation of B7-1/B7-2 molecules,
which in turn interact with CD28 and provide a costimulatory sig-
na for efficient priming of naive CD8 T cells. The CD137-
CD137L interaction is known to provide a CD28-independent co-
stimulatory signal to CD8 T cells. We examined whether blockade
of these costimulatory interactions would reduce CD8 T cell re-
sponses to L. monocytogenes infection. Mice deficient in CD40L,
CD137L, or CD28 were infected with rLm33, which was cleared
in the spleens and livers of CD40L ~/~, CD137L /", and C57BL/6
mice by day 7 p.i. (data not shown). In contrast, CD28/~ mice
retained avery low bacterial load (~2.8 X 10% CFU/spleen on day
7) but cleared the infection by day 13, indicating an increased
susceptibility as seen previously by Mittriicker et al. (54).
Activation of CD4 and CD8 T cells was measured by staining
for CD44 surface expression on day 7 after rLm33 infection of
C57BL/6, CD40L ', CD137L'~, and CD28 ™/~ mice (Fig. 7A).
In CD40L '~ mice, both CD4 and CD8 T cells were activated to
levels comparable to those observed in C57BL/6 mice, with the
majority of CD4 and CD8 T cells exhihbiting the activated
(CD44"9") phenotype. In contrast, activation of CD4 and CD8 T
cellswas greatly reduced in CD28 ™/~ mice, and the percentages of
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FIGURE 5. Recal response of memory CD8 T cells in the absence of
CDA4 T cell help. C57BL/6 and CD4 '~ mice wereimmunized with rL m33.
These immunized and nonimmunized control mice were then challenged
with LCMV clone 13. On day 7 after LCMV challenge, spleens were
harvested from naive, clone 13-infected (ClI13), and rLm33-immunized
then clone 13-infected (rLm33/Cl13) mice for analysis of CD8 T cell re-
sponses. A, Activation of CD8 T cells was assessed by FACS analysis of
CD44 expression. Numbers represent mean percentage and SD of spleno-
cytes that are activated (CD44"9") or resting (CD44'°") CD8 T cells. B,
Numbers of gp33-specific cells per spleen were determined by ELISPOT
assay. C, gp33-specific cytotoxicity was measured by ex vivo CTL assay
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CD4" CD44"9" and CD8" CD44"9" cells were at the background
levels of uninfected mice. Interestingly, activation of CD4 T cells
was relatively normal while CD8 T cell activation was diminished
in CD137L "/~ mice. Consistent with the activation data, rLm33-
infected C57BL/6 and CD40L '~ mice had similar numbers of
epitope-specific T cells (~4.5 X 10%/spleen at 7 days p.i., Fig. 7B)
while fewer gp33-specific cells were observed in infected
CD28/~ mice (6.1 * 3.9 X 10%spleen). In mice lacking
CD137L, total numbers of gp33-specific CD8 T cells were dightly
lower than in C57BL/6 and CD40L '~ mice but higher than in
CD28 '~ mice. These data indicate that although the CD40-
CD40L pathway is not required, signaling through the CD137-
CD137L and CD28-B7 pathwaysisimportant for naive CD8 T cell
activation and proliferation during L. monocytogenes infection.

Discussion

Help provided by CD4 T cells to the development of CD8 T cell
responses has been studied in the context of many infections. Ef-
fective control of Mycobacterium tuberculosis (55), Toxoplasma
gondii (56), and Plasmodium spp. (19) requires CD4 T cell help
for the generation of effective CD8 T cell responses. In contrast,
CD8 T cell responses to other infections such as influenza virus
(57, 58) and LCMV (42) occur in the absence of CD4 T cells. This
differential requirement for CD4 T cell help likely reflects the pres-
ence of many variables in the context of different infections, in-
cluding the type and tropism of the pathogen, the level of costimu-
lation delivered by DC (23), the affinity and level of presentation
of CD8 T cell epitopes (59), the cytokine milieu, and the frequency
of naive CD8 T cell precursors (60). It isimportant to note that the
lack of identified epitopes in most bacterial and parasitic systems
precludes quantitative measurement and kinetic analysis of Ag-
specific CD8 T cell responses at the single cell level. Thus, most
studies have only examined the requirement for CD4 T cellsin the
initial induction of aprimary CD8 T cell response using bulk CTL
and ELISA a&fter in vitro restimulation and expansion. In this
study, we used rLm expressing a well-defined epitope (gp33) from
LCMYV that allowed us to quantify the epitope-specific CD8 T cell
response. By following epitope-specific T cells over time, we ex-
amined the role of CD4 T cellsin the induction and contraction of
primary CD8 T cell responses, in the establishment and mainte-
nance of CD8 T cell memory, and in the recall response of memory
CD8 T cells to viral challenge.

Our results show that the initial induction of a primary CD8 T
cell response following systemic L. monocytogenes infection was
normal in CD4 T cell-depleted, CD4~/~, and MHC 11/~ mice,
consistent with previous findings in mice lacking the class |1 trans-
activator gene (CIITA™'7) and orally infected MHC 117/~ mice
(61, 62). Our kinetic analysis showed that CD4~’~ mice had
dlightly reduced numbers of epitope-specific CD8 T cells at later
time points (>day 7 p.i.) compared with normal mice. Recent stud-
ies have shown that a single brief period of antigenic stimulation
is sufficient to induce naive CD8 T cells to undergo a develop-
mental program resulting in many cycles of cell division, acqui-
sition of effector functions, and differentiation into memory cells
(63, 64). Although extensive proliferation is induced by a single
exposure to Ag, the magnitude of the response can be improved by
additional factors such as IL-2 (63) and other interactions. The

and the percentages of specific lysis represent the averages from three mice
per group, with error barsindicating SD. D, LCMYV titersin the serum were
quantified by plague assay at day 20 after LCMV challenge. A dot plot
from a representative mouse of three per group is shown in A and each
symbol in B and D represents an individual mouse.
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FIGURE 6. Activation of DC following in vitro culture with HKLm or live L. monocytogenes. A primary culture of immature murine DC was incubated
invitrowith LPS, HKLm, or live L. monocytogenes (L m). Antibiotics were added to cultures after 4 h to stop bacterial growth. At 18 h, cells were harvested
and stained for expression of MHC class |1, the costimulatory molecules B7-1 and B7-2, and CD40. Numbers indicate percentage of cells with up-regulated
expression of these molecules in treated/untreated DC. The dotted lines represent unstimulated immature DC, whereas the shaded regions represent DC
stimulated with either 100 pwg/ml LPS, HKLm at a MOI of 5 (1.5 ug/ml), HKLm at a MOI of 500 (3.0 wg/ml), live L. monocytogenes at a MOI of 0.1

(0.03 pg/ml), or live L. monocytogenes at a MOI of 1.0 (0.30 ng/ml).

dlightly weakened CD8 T cell response at the later time points in
CD4 '~ mice may reflect the absence of these extrinsic factors
that serve to enhance the response to normal levels. Furthermore,
arecent study of CD8 T cell responses to malaria has shown that
CD8T cells exhibit normal differentiation and proliferation during
the first few days of infection while IL-4 produced by CD4 T cells
enhances the continued development of the CD8 T cell response at
later time points (19). It is therefore possible that CD4 T cells,
through production of 1L-4, also play arole in enhancing expan-
sion and/or in curtailing contraction of CD8 T cells during murine
listeriosis. This may account for the establishment of dlightly lower
numbers of gp33-specific memory CD8 T cells in CD4~/~ mice.
Once memory was established, however, our results showed that
CD8 T memory levels remained relatively stable over a long pe-
riod of time, even in the absence of CD4 T cells.

Memory CD8 T cells in rLm33-immunized CD4 /'~ mice
mounted a recall response to LCMV challenge, proliferating and
differentiating into effectors that provided protective antiviral im-
munity. However, the magnitude of the secondary response was
diminished in CD4~/~ mice compared with C57BL/6 mice. This
difference was not solely due to the slightly lower number of
epitope-specific memory CD8 T cells in CD4~/~ mice than in
normal C57BL/6 mice following rLm immunization. The expan-
sion of the memory CD8 T cell population was also reduced in
CD4~'~ mice; by day 7 after LCMV challenge, the total number
of gp33-specific CD8 T cells increased 5-fold in C57BL/6 mice
but only 2.7-fold in CD4~'~ mice. A diminished protective recall
response has aso been observed by Riberdy et a. (58) using the
A/PR8/34 influenza virus to prime and the HKx31 influenza virus
to recall an epitope-specific CD8 T cell response. Together, these
data support the notion that CD4 T cell help functions to augment
the recall response of memory CD8 T cells upon reinfection.

Although CD4 T cells may play arole in enhancing the prolif-
eration of activated and memory CD8 T cells, they are clearly not
required for the priming of CD8 T cells during L. monocytogenes

and several other infections (42, 57, 58). Thisisin contrast to the
critical role that CD4 T cells play in the induction of CD8 T cell
responses in other experimental systems, such as immunization
with protein Ags, tumor-specific CTL responses, cross-priming,
and certain vira infections (65). Why is CD4 T cell help required
for the induction of CD8 T cell response in some cases but not
others? Interaction of CD4 T cells with DC up-regulates costimu-
latory molecules on the DC necessary for efficient priming of naive
CD8 T cells, while cytokine production by CD4 T cells enhances
the proliferation of primed CD8 T cells. In caseswhere CD4 T cell
help is not required for priming a CD8 T cell response, it is likely
that an alternative pathway of APC activation exists. One possible
mechanism by which this activation may occur is direct infection
of DC, resulting in the up-regulation of costimulatory molecules,
as seen in influenza virus infection (57). L. monocytogenes infec-
tion of human DC in vitro has been reported (66), but it remains to
be investigated whether direct bacterial infection activates DC to
become competent APC, or in fact result in dysfunction of the host
cellular machinery due to overwhelming growth of intracellular
bacteria. It is also known that dsSRNA intermediates produced dur-
ing viral replication are recognized by TLR3 (67), leading to the
activation of DC and macrophages and an IFN response (68).
However, infection of DC is not a prerequisite for Ag presentation
since DC are known to become activated through TLR recognition
of bacterial products, such as flagellin, peptidoglycan, and lipotei-
choic acid from L. monocytogenes (69, 70). Indeed, our data show
that exposure to this bacterium was sufficient to activate DC to
express costimulatory molecules B7-1/7-2. It is thus conceivable
that TLR interaction with L. monocytogenes products may serve as
an aternative pathway of DC activation that alleviates the need for
CDA T cell help to “condition” APC for efficient priming of naive
CD8T cells. Theimportance of DC activation through TLR during
priming of CD8 T cells in the presence and absence of CD4 T cell
help is currently under investigation.
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FIGURE 7. CD4 and CD8 T cell responses in CD40L~/~, CD137L ",
and CD28™/~ mice following L. monocytogenes infection. CD40L /",
CD137L ', CD28 ', and norma C57BL/6 mice were infected with a sub-
lethal dose of rLm33 (0.1 LD4,). A, Activation of CD4 and CD8 T cells were
examined on day 7 p.i. by FACS andysis of CD44 expression. Dotted lines
represent uninfected mice and the shaded regions with solid lines represent
rLm33-infected mice. The numbersindicate percentage of CD4 or CD8 T cells
that are activated (CD44"9"), with the top and bottom numbers representing
rLm33-infected mice and naive mice, respectively. B, Number of gp33-spe-
cific CD8 T cellsin spleens was determined by ELISPOT assayson day 7 p.i.
Each triangle represents an individual mouse.

APC conditioning by CD4 T cells involves costimulatory sig-
naling by CD40-CD40L and B7-CD28 interactions. The engage-
ment of CD40L on CD4 T cells by CD40 on DC results in DC
activation and up-regulation of B7 molecules that in turn bind to
CD28 and provide a costimulatory signal to CD8 T cells (24). In
this model of tripartite cell interaction, signaling through CD40-
CDA40L lies upstream of DC activation. Thus, in cases where the
CD8 T cell response occurs through an aternative CD4-indepen-
dent pathway of DC activation, it is predicted that only the B7/
CD28 costimulation, downstream of DC activation, will be essen-
tial for the induction of naive CD8 T cells. In support of this
model, our results showed that the CD8 T cell response during L.
monocytogenes infection was relatively normal in CD40L ~/~ mice
but defective in CD28™/~ mice. This is further supported by pre-
vious findings of normal Listeria-specific CD8 T cell responsesin
CD40~'~ mice (62) and by the work of Hamilton et al. (24) who
demonstrated that L. monocytogenes infection can overcome the
requirement for CD40-CD40L interaction in CD8 T cell cross-
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priming by exogenous Ags. Consistent with our results, Mittriicker
et al. (54) have aso demonstrated the importance of CD28 in the
generation and expansion of Listeria-specific CTL. Although pre-
vious studies have been conducted with different Ags and/or in
different mouse backgrounds (24, 54, 62), our study analyzed the
CD8 T cell responsein CD40L ™'~ and CD28~'~ micein parallel,
thus providing a direct comparison of how deficiencies in CD40-
CD40L and B7-CD28 costimulations impact the CD8 T cell re-
sponse. Furthermore, our results showed that activation of CD4 T
cells, likethat of CD8 T cells, was largely unaffected in CD40L '~
but severely reduced in CD28~/~ mice. The relative contribution
of various costimulations to the induction of epitope-specific CD4
T responses during L. monocytogenes infection remains to be
determined.

In addition to CD40-CD40L and B7-CD28, the APC-T cell in-
teraction involves several other ligand/receptor pairs of costimu-
latory molecules, including CD137/CD137L. It is less clear what
role these costimulatory molecules play in CD4 and CD8 T cell
responses and in the tripartite CD4 T cell-APC-CD8 T cell inter-
action. Our results show that the activation of CD4 T cells was
normal but the activation of CD8 T cells and the induction of
epitope-specific CD8 T cells were slightly reduced following L.
monocytogenes infection of CD137L ~/~ mice. Thus, the CD137-
CD137L costimulation may play a more important role in the CD8
T cell response than the CD4 T cell response. This difference has
also been observed in other systems (33, 71-73), athough stimu-
lation with an agonistic mAb to CD137 can enhance both CD4 and
CD8 T cell responses in vitro and in vivo (26, 74). Signaling
through CD137-CD137L has been shown to induce B7 expression
on DC, directly enhancing their ability to stimulate T cell prolif-
eration (75). It has also been suggested that CD28 may provide the
primary survival signal which can then be sustained by inducible
costimulatory pathways such as those of CD137 and OX40 (76,
77). Consistent with this possibility, our results showed that the
CD8 T cell response during L. monocytogenes infection was re-
duced in both CD28™/~ and CD137L '~ mice, with a more pro-
nounced defect in CD28 /™ than in CD137L '~ mice.

In summary, this study systematically examined the role of CD4
T cells in various phases of the CD8 T cell response during L.
monocytogenes infection. Our results show that CD4 T cells are
not required for theinduction of aprimary CD8 T cell response nor
for the establishment, maintenance, and recall response of memory
CD8 T cells. However, CD4 T cells play a role in establishing
optimal levels of CD8 T cell memory and in enhancing the pro-
liferation of memory CD8 T cells during a recall response. Our
results further show that L. monocytogenes can directly activate
DC and induce aCD8 T cell response that does not require CD40-
CDA40L signaling but depends on the B7-CD28 and, to a lesser
extent, the CD137-CD137L interaction. These results are consis-
tent with a model in which direct activation of DC by infectious
agents may overcome the requirement of conditioning APC by
CD4 T cells via the CD40-CD40L interaction. This aternative
pathway of DC activation may provide an explanation for the dif-
ferentia requirement of CD4 T cell help for CD8 T cell responses
to various stimuli.
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