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Abstract

The nuclear factor kB transcription factor c-Rel is exclusively expressed in immune cells and plays
a role in numerous cellular functions including proliferation, survival and production of chemokines
and cytokines. c-Rel has also been implicated in the regulation of multiple genes involved in innate
and adaptive immune responses to the intracellular protozoan parasite Toxoplasma gondii, in
particular IL-12. To better understand how this transcription factor controls the CD81 T-cell response
to this organism, wild-type (WT) and c-Rel2/2 mice were challenged with a replication-deficient strain
of T. gondii that expresses the model antigen ovalbumin (OVA). These studies revealed that c-Rel was
required for optimal primary expansion of OVA-specific CD81 T cells and that immunized c-Rel-
deficient mice were susceptible to challenge with a virulent strain of T. gondii. However, when c-Rel2/2

cells specific for OVA were adoptively transferred into a WT recipient, or c-Rel2/2 mice were treated
with IL-12 at the time of immunization, there was no apparent proliferative defect. Surprisingly, upon
secondary challenge, antigen-specific CD81 T cells in c-Rel2/2 mice expanded to a much greater
degree in terms of frequency as well as numbers when compared with WT mice. Despite this, the
cytokine responses of c-Rel2/2 mice remained defective, consistent with their susceptibility to
secondary challenge. Together, these results indicate that in this infection model, the major influence
of c-Rel in generation of CD81 T-cell responses is through its regulation of the inflammatory
environment, rather than playing a substantial T-cell-intrinsic role.
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Introduction

The nuclear factor-jB (NF-jB) family of transcription fac-
tors consists of five genes with similar structures and DNA
recognition sequences: p50, p65 (Rel-A), p52, Rel-B and
c-Rel [reviewed in ref. (1)]. The nuclear translocation of
these transcription factors occurs in response to a wide
variety of stimuli, ranging from T- and B-cell receptor and
co-receptor signaling to activation via cytokines or microbial
products. These events lead to the expression of a number
of genes related to cell survival and proliferation as well as
cytokine and chemokine production and co-ordinate innate
and adaptive immune responses to infection (2, 3).
c-Rel expression is known to be restricted to hematopoi-

etic cells (4–6) and was first identified due to its ability to
transform B and T cells and induce lymphomas (7, 8). Early
work documented that T cells lacking c-Rel proliferated
poorly to polyclonal stimuli and displayed defects in the pro-

duction of IL-2, granulocyte macrophage colony-stimulating
factor and IL-3, thus providing critical insights into some po-
tential targets of c-Rel (9, 10). The importance of c-Rel in
the regulation of immunity is illustrated by multiple studies in
which mice genetically deficient for this transcription factor
were examined in a range of infectious and inflammatory
settings. In murine systems, the development of autoimmune
encephalomyelitis required expression of c-Rel in immune
cells (11) and c-Rel has also been shown to be required for
the development of diabetes (12) and colitis (13). In a model
of influenza infection, c-Rel was necessary for optimal viral
clearance during primary and secondary responses but was
not required for cytotoxic T lymphocyte (CTL) induction and
effector function (14). c-Rel is also dispensable for induction
of CTL responses against herpes simplex virus-1 (15).
However, mice lacking c-Rel are resistant to infection with



a helminth parasite, Trichuris muris, and can generate suffi-
cient T-cell-mediated immune responses to mediate parasite
expulsion, indicating that c-Rel is not essential for the devel-
opment of a protective Th2 response (16).
The intracellular protozoan parasite Toxoplasma gondii

has been used as an experimental system to help under-
stand the role of individual NF-jB family members in the
regulation of innate and adaptive immunity (17–21). Infec-
tion with this pathogen induces a strongly polarized Th1 re-
sponse, and resistance is dependent on the cytokines IL-
12 and IFN-c (22–24). Previous work from this laboratory
demonstrated that c-Rel is critically required for resistance
to infection with T. gondii, indicating that it possesses
unique functions that cannot be compensated for by
other family members (19). In those initial studies, c-Rel-
deficient mice were able to mount a Th1-polarized immune
response but the magnitude of the response was dimin-
ished, and the ability to produce IFN-c was impaired. Fur-
ther, the ability of c-Rel�/� mice to produce IL-12 acutely at
the site of infection was also decreased compared with
wild-type (WT) mice (25). Dissection of this phenotype was
complicated by the fact that c-Rel�/� mice do not survive
infection with a replicating strain of T. gondii, which is nor-
mally associated with high antigen loads and tissue dam-
age; consequently, primary studies were limited to the
analysis of the initial effector response. Questions still
remain about the role of c-Rel in the development of CD8+

T-cell effectors and whether this transcription factor is re-
quired for the generation or maintenance of antigen-specific
memory CD8+ T cells.
In order to better address the role of c-Rel in the immune

response to T. gondii, a recently described replication-
deficient strain of T. gondii that expresses the model antigen
ovalbumin (OVA) was utilized (26, 27). This vaccination strat-
egy induces protective immunity that is dependent on CD8+
T cells and allows the use of tetramer staining to identify
endogenous antigen-specific CD8+ T cells. The use of this
experimental system revealed that c-Rel was required for
optimal expansion of these parasite-specific CD8+ T cells.
Administration of IL-12p70 to immunized mice partially re-
stored the CD8+ effector T-cell response to T. gondii, indicat-
ing that T-cell-extrinsic factors contribute to the initial
expansion of the adaptive CD8+ T-cell response. When later
time points following immunization were examined, c-Rel�/�

mice maintained similar levels of tetramer+ cells in the blood,
bone marrow and spleen, indicating that c-Rel is not
required for maintenance of these cells. Further, c-Rel was
not required for expression of markers associated with
memory, such as IL-7Ra or Bcl-2, nor for the production of
IL-2 at these time points. Surprisingly, upon secondary chal-
lenge, OVA-specific CD8+ T cells in c-Rel�/� mice ex-
panded to a much greater degree in terms of frequency
and numbers when compared with WT mice. Despite this,
the cytokine responses of c-Rel�/� mice remained defec-
tive, consistent with their susceptibility to secondary chal-
lenge. Together, these results indicate that the major
influence of c-Rel in the generation of a CD8+ T-cell re-
sponse in this infection model is through its regulation of the
inflammatory environment, rather than playing a substantial
T-cell-intrinsic role.

Methods

Mice and infections

C57BL/6, CD45.1 and Thy1.1 mice were purchased from
Jackson Laboratory (Bar Harbor, ME, USA) or National Can-
cer Institute (Frederick, MD, USA). c-Rel�/� mice were origi-
nally obtained from Tumang et al. (28) and were bred at the
University of Pennsylvania. OT-I GFP mice were obtained
from the laboratory of Wolfgang Weninger at the Wistar Insti-
tute (29). The following mice were obtained through the
NIAID Exchange Program (Taconic line 4175): B6[TG]TCR-
OT-I RAG1[KO] (30, 31). Mice were maintained under spe-
cific pathogen-free conditions and all animal work was done
in accordance with the Institutional Animal Care and Use
Guidelines of the University of Pennsylvania. For all immuni-
zation experiments using CPS-OVA, mice were injected in-
traperitoneally (i.p.) with 105 parasites. For challenge
experiments, mice were given 103 RH-OVA tachyzoites (RH
parental strain expressing secreted OVA) or 106 CPS-OVA,
and for adoptive transfer experiments, mice received 105

Pru-OVA tachyzoites i.p. Tachyzoites were grown in human
foreskin fibroblast monolayers in DMEM containing 1% FCS
(CPS and RH parasites) or 10% FCS (Pru parasites) and
1% penicillin–streptomycin. CPS parasites were cultured
in media containing 0.2 mM uracil, and OVA-transgenic par-
asites were maintained in media additionally containing
20 lM chloramphenicol.
For T-cell depletion experiments, mice received 0.5 mg

of anti-CD4 (clone RM4.5) or anti-CD8 (clone 2.43) twice
in the week prior to challenge. For depletion of IL-12, mice
received two injections of anti-IL12p40 (clone C17.8) on
day �1 and day 2 of immunization. For rescue of antigen-
specific responses, c-Rel�/� mice received three i.p.
injections containing 500 ng of recombinant IL-12p70
(eBioscience, San Diego, CA, USA) on days 0, 1 and 2 of
infection. For adoptive transfer experiments, T cells were
isolated via negative selection (R&D Systems, Minneapolis,
MN, USA); mice received 5 3 105 WT or c-Rel�/� OT-I
cells or 107 immune T cells (isolated 30 days following
immunization) 1 day prior to infection or secondary
challenge.

In vitro T-cell responses

Spleen, lymph node and peritoneal exudate cells (PECs)
were harvested and dissociated into single-cell suspensions
in complete RPMI 1640 (Gibco/Invitrogen, Carlsbad, CA,
USA) containing 10% heat-inactivated FCS, 10 U ml�1 peni-
cillin, 100 lg ml�1 streptomycin, 2 mM glutamine, 25 mM
N-2-hydroxyethylpiperazine-N#-2-ethanesulfonic acid, 0.1
mM non-essential amino acids and 50 lM 2-beta mercap-
toethanol. For analysis of PBMC, blood was collected and
mixed with sodium citrate prior to lysis of erythrocytes with
0.86% ammonium chloride buffer. Spleen and lymph node
cells (5 3 105 per well) and PECs (105 per well) were plated
out in triplicate in 96-well round bottom plates (Costar, Carls-
bad, CA) and cultured to assess for cytokine production.
Cells were re-stimulated with anti-CD3 (1 lg ml�1) soluble
Toxoplasma antigen (STAg; 10–25 lg ml�1), 500 lg ml�1

OVA (Worthington Biochemical Corporation, Lakewood, NJ,
USA) or 1 lg ml�1 SIINFEKL peptide (CHI Scientific,
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Maynard, MA, USA). Supernatants were removed after ;48
h and assayed for the production of IFN-c by ELISA.

Flow cytometry

For identification of OVA-specific T-cell responses, single-
cell suspensions were washed in FACS buffer (PBS + 2 mM
EDTA + 2% BSA) and incubated for 15 min with Fc block
(FACS Buffer containing 1 lg ml�1 2.4G2 from BD Pharmin-
gen; rat and mouse IgG from Caltag/Invitrogen at 1 lg ml�1).
Cells were stained with MHC class I/tetramer complexes of
H-2Kb/SIINFEKL conjugated to PE or APC (Beckman Coulter
Immunomics or generous gift from John Wherry at the Wistar
Institute) for 25 min at room temperature, washed once and
then stained for other surface markers for 15 min at 4�C.
The following monoclonal antibodies were used: CD8
(conjugated to FITC, PerCP or APC), CD127 biotin, CD122
biotin, CD62L-APC or APC Alexa fluor 700 (BD Biosciences);
tumor necrosis factor (TNF)-a FITC, IFN-c-APC, IL-2 PE, killer
cell lectin-like receptor G1 (KLRG1)-APC and Streptavidin–
APC (eBioscience) and anti-human Granzyme B-APC (Caltag,
Carlsbad, CA, USA).
For intracellular cytokine analysis, splenocytes or PECs

were incubated (cell and antigen concentration as noted
above) for 5.5 h total, with the addition of 10 lg ml�1 Brefel-
din A (Sigma) for the final 4 h. Cells were first stained for
surface markers, followed by fixation overnight with 2% PFA
(Electron Microscopy Sciences, Hatfield, PA, USA). Cells
were permeabilized with 0.1% saponin and then stained for
intracellular cytokines for 1 h at 4�C. Flow cytometry samples
were collected on a FACSCalibur or FACSCanto machine
(BD Biosciences) and analyzed with FlowJo software (Tree
Star Inc., Ashland, OR, USA).

Statistics

Statistical analysis was completed with Prism (Graphpad
Software, La Jolla, CA, USA) using Student’s t-test or one-
way analysis of variance (ANOVA) where appropriate data
are shown as mean 6 standard deviation.

Results

c-Rel is required for optimal antigen-specific CD8+ T-cell
expansion and resistance to secondary challenge

Because c-Rel�/� mice are susceptible to infection with rep-
licating strains of T. gondii (25), a model was used in which
a replication-deficient strain of T. gondii induces protective
immunity mediated by CD8+ T cells (26). To first assess
whether c-Rel was required for the ability of CPS-OVA to in-
duce protective immunity, groups of WT and c-Rel�/� mice
were immunized with 105 CPS-OVA parasites and chal-
lenged with virulent RH-OVA 30 days later. Naive WT and
c-Rel�/� mice succumbed to infection between 8 and 9 days
following infection (Fig. 1A). WT mice that had been immu-
nized were able to control this challenge, whereas immu-
nized c-Rel�/� mice were not able to survive challenge with
RH-OVA. However, the immunized c-Rel�/� mice did display
a modest but reproducible delay in susceptibility compared
with naive mice (Fig. 1A, P = 0.0014 by one-way ANOVA).
Similar to what was seen in previous work (26), the depletion

of CD8+ T cells (but not CD4+ T cells) antagonized the ability
of the immunized c-Rel�/� mice to survive challenge (data
not shown).
Since CD8+ T cells are required for protection against

challenge in this infection model, studies were next per-
formed to assess if the absence of c-Rel affected the gener-
ation of antigen-specific CD8+ T cells. Thus, WT and c-Rel�/�

mice were immunized with CPS-OVA and the antigen-
specific response was tracked using a tetramer reagent that
recognizes T-cell receptors specific for the immunodominant
SIINFEKL epitope derived from OVA, in the context of MHC
class I H2Kb. Analysis of the primary OVA-specific response
revealed that WT mice displayed a robust primary expansion
(Fig. 1B). The kinetics of expansion of this population was
similar in the spleen and PECs of WT and c-Rel�/� mice;
however, consistent with their increased susceptibility to
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Fig. 1. c-Rel�/� mice generate sub-optimal CD8+ T-cell responses to
immunization. (A) WT and c-Rel mice were immunized with 105 CPS-
OVA parasites and challenged 30 days later with 103 RH-OVA (results
combined from two similar experiments with four to five mice per
group). (B) Kinetics of CD8+ antigen-specific response in the spleen
(results from one of two similar experiments with three mice per time
point). (C) Number of antigen-specific CD8+ T cells in the spleen
8 days following immunization (combined results from three similar
experiments, each with three to four mice per group).

Role of c-Rel in CD8+ T-cell responses to Toxoplasma gondii 853



rechallenge, c-Rel�/� mice exhibited a decrease in fre-
quency as well as number of OVA-specific CD8+ T cells
at all time points examined in the first 30 days of infection
(Fig. 1B and data not shown). The combined results from
three experiments analyzed 8 days following immunization
demonstrated that both the frequency (7.175 6 0.76% ver-
sus 1.8 6 0.35%, P < 0.0001) as well as absolute number
(3.76 3 105 6 8.0 3 104 versus 5.04 3 104 6 1.76 3 104;
P = 0.0006) of antigen-specific cells generated in the
spleens of c-Rel�/� mice were significantly reduced
compared with WT control mice (Fig. 1C). Similar results
were seen at this time point in the PECs as well as the
blood (data not shown). Thus, during the primary response
to CPS-OVA immunization, c-Rel is required for the optimal
development of antigen-specific CD8+ T cells, and this
correlates with insufficient protection during secondary
challenge.

c-Rel is not required for effector function but is required to
up-regulate the activation marker KLRG1

The data shown in Fig. 1 indicate that c-Rel influences the
magnitude of the CD8+ T-cell response; however, subse-
quent studies were performed to determine if the antigen-
specific cells generated in these mice were functionally
competent. Therefore, PECs from immunized WT and
c-Rel�/� mice taken 8 days post-immunization were stimu-
lated ex vivo with OVA peptide. As T cell receptor (TCR)
stimulation leads to down-regulation of tetramer binding (32,
33) dual staining for cytokines and OVA tetramer was not
successful. However, in response to anti-CD3 (data not
shown) or OVA peptide stimulation (Fig. 2A and B), both WT

and c-Rel�/� cells were capable of making IFN-c and TNF-
a. This conclusion was drawn by comparing the frequency
of cells that produced IFN-c ex vivo in response to peptide
stimulation to the frequency of OVA-specific tetramer+ cells
in the tissues of individual mice (Fig. 2A and B). Of the cells
that were making IFN-c in response to OVA peptide, there
was no difference in the mean fluorescence intensity (MFI)
of this cytokine (535 6 21 versus 491.7 6 23, P = 0.3; n = 3
per group from one representative experiment). Similar fre-
quencies of cells that made IFN-c could also produce TNF-
a ex vivo (32.7 6 5.4 versus 32.6 6 7.7; n = 3 per group
from one representative experiment), and the MFI of TNF-a
from double producers did not differ between WT and c-
Rel�/� mice (468.7 6 2.9 versus 472 6 4.2; n = 3 per group
from one representative experiment). Furthermore, cells from
the PECs or spleen were also stimulated polyclonally with
anti-CD3 and analyzed for ex vivo cytokine production as
well as by ELISA. At all time points examined, a smaller per-
centage of CD8+ T cells from c-Rel�/� mice were able to pro-
duce IFN-c. Nevertheless, as with OVA peptide stimulation,
a similar frequency of the cells that produced IFN-c could
also make TNF-a (data not shown). Similarly, when spleno-
cytes and PECs were stimulated with STAg, less IFN-c was
found in supernatants from c-Rel�/� mice as compared with
WT mice (data not shown); however, this is consistent with
the reduced numbers of antigen-specific cells following im-
munization. Moreover, when an overnight in vivo cytolysis as-
say was used to determine if c-Rel�/� OVA-specific CD8+ T
cells could mediate cytotoxicity of SIINFEKL-pulsed targets,
killing of target cells was comparable to that seen in WT mice
(data not shown). Taken together, these data are consistent

Fig. 2. Function and phenotype of antigen-specific CD8+ Tcells. (A) Representative example used to calculate ability of antigen-specific cells to
produce IFN-c (top row, WT and bottom row, c-Rel�/�). Cells from the peritoneal exudate were stimulated ex vivo with SIINFEKL peptide and
gated on CD8+ in right-hand panels. The frequency of IFN-c-producing cells was divided by the frequency of tetramer+ CD8+ Tcells as shown in
the left-hand panels. Summary of these data are shown in (B). (C) Representative WT (top row, black line) and c-Rel�/� (bottom row, black line)
tetramer+ splenocytes were compared with CD8+ T cells from naive mice (filled gray histogram). (D) Frequency of KLRG1+ subpopulation of
tetramer+ splenocytes in WTand c-Rel�/� mice (P < 0.0001). All experiments were repeated at least three times with three to four mice per group.
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with the idea that although c-Rel�/� mice generate reduced
numbers of antigen-specific CD8+ T cells following immuniza-
tion, those that do expand are functionally competent.
WT and c-Rel�/� splenocytes were next subjected to tetra-

mer staining and compared with CD8+ T cells from naive WT
mice (Fig. 2C). Extensive phenotypic characterization of
splenocytes revealed no observable differences between
tetramer+ subpopulations of WT and c-Rel�/� mice in their
expression of CD62L, CD122 or Granzyme B (representative
histograms shown in Fig. 2C). A significant phenotypic differ-
ence at the day 8 time point was the expression of the NK
cell activation marker KLRG1, and significantly fewer
tetramer+ splenocytes (Fig. 2D; 86.6 6 2.7 versus 36.6 6

5.6) or PECs (75.9 6 2.8 versus 35.5 6 5.7; P < 0.0001)
from c-Rel�/� mice expressed this marker. Though originally
described as an NK cell activation marker, it has since been
shown that KLRG1 is up-regulated on CD4+ and CD8+

T cells following infection (34, 35) and further that its expres-
sion is linked to responsiveness to IL-12 (36–38). Overall,
these data indicate that c-Rel�/� OVA-specific CD8+ T cells
are functionally competent and suggest that differences in
phenotype could be due to an IL-12-deficient environment.

A T-cell-extrinsic function for c-Rel in the regulation of CD8+

T-cell responses

In parallel, studies using a replication competent strain of
T. gondii expressing OVA (Pru-OVA) were used to distin-
guish T-cell-intrinsic versus T-cell-extrinsic requirements for
c-Rel. c-Rel�/� mice were crossed with OT-I transgenic mice
to generate TCR transgenic CD8+ T cells lacking c-Rel. WT
and c-Rel�/� OT-I cells were transferred into Thy-disparate
recipient mice that were infected 1 day later with Pru-OVA.
When mice were analyzed between 7 and 9 days following
infection, WT and c-Rel�/� OT-I cells expanded similarly in
terms of frequency (Fig. 3A) as well as number (Fig. 3B).
This finding indicates that, in this system of antigen-induced
proliferation, CD8+ T cells themselves do not intrinsically
require c-Rel. Further, it suggests that other factors in the
c-Rel�/�environment, such as pro-inflammatory cytokines or
CD4+ T-cell help, might contribute to the decreased
generation of tetramer+ cells in c-Rel�/� mice. The WT host
environment also impacted the phenotype of the transferred
antigen-specific OT-I cells because the c-Rel�/� OT-I cells
expressed similar levels of KLRG1 compared with WT cells
(Fig. 3C).
Reciprocal adoptive transfer experiments were also com-

pleted, in which WT OT-I cells that express GFP (29) were
transferred into WT and c-Rel�/� recipients. Consistent with
the results from Fig. 2(D), c-Rel was required within the host
environment for proper activation of donor CD8+ T cells. Phe-
notypic analysis revealed that expression of KLRG1 on WT
OT-I donor cells was decreased in c-Rel�/� recipient mice
compared with WT recipient mice (44.8 6 1.3% KLRG1+ ver-
sus 26.1 6 0.8%, P = 0.002, see representative plots in Sup-
plementary Figure 1 is available at International Immunology
Online). In contrast, the donor WT OT-I cells expressed simi-
lar levels of CD44, CD122 and CD127, regardless of
whether they were transferred into WT or c-Rel�/� recipients.
Together with the data from Fig. 3, these findings suggest
that the inability of cells to specifically up-regulate KLRG1 in

c-Rel�/� mice is not intrinsic to the T cell but rather is depen-
dent on the environment in which the cell expands in
response to infection.

IL-12 can rescue initial CD8+ T-cell expansion

The pro-inflammatory cytokine IL-12 has been shown to con-
tribute to the primary expansion of CD8+ T cells in response
to infection with a number of organisms, serving as a ‘signal
3’ in addition to the obligatory TCR/MHC plus co-stimulation
required to generate an antigen-specific response and has
been linked to KLRG1 expression (38, 39). Indeed, when
WT mice were treated with anti-IL-12p40 antibody during
CPS-OVA immunization, there was a marked decrease in
the generation of tetramer+ cells in the spleen (Supplemen-
tary Figure 2A is available at International Immunology
Online). IL-12 depletion also caused a significant decrease
in the frequency of tetramer+ splenocytes expressing KLRG1
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Fig. 3. WT and c-Rel�/� OT-I cells expand to a similar degree in WT
recipients. 5 3 105 naive WT and c-Rel�/� OT-I cells (expressing
Thy1.2) were purified and transferred into naive Thy1.1 recipients.
One day later, mice were infected with 104 Pru-OVA. At various time
points following infection, mice were analyzed and donor cells were
identified by Thy1.2 and CD8 staining. Donor cell frequency (A) and
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donor cell expression of KLRG1 compared with CD3+CD8+ T cells
from naive mice (shaded gray histogram). Representative data from
one of two similar experiments with at least three mice per time point.
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(Supplementary Figure 2B is available at International Immu-
nology Online). c-Rel�/� mice have previously been shown
to exhibit defects in acute IL-12 responses to T. gondii at
the site of infection (25); thus, it was pertinent to determine
if this cytokine was impacting the development of the CD8+

T-cell response. Indeed, treatment with exogenous IL-12p70
restored OVA-specific CD8+ T-cell responses in the PECs
(Fig. 4A and C) but did not consistently restore CD8+

responses in the spleen (Fig. 4B and D). Moreover, treated
c-Rel�/� mice generated increased numbers and frequen-
cies of antigen-specific cells in the PECs that could produce
IFN-c in response to OVA peptide stimulation (Fig. 4E
and F). Together, these data establish that in the CPS-OVA
immunization model, IL-12 dictates both the initial expansion
as well as the ability to generate a KLRG1+ population of
antigen-specific CD8+ T cells.

c-Rel and the formation of memory CD8+ T cells

Attempts to clarify the role of c-Rel in the generation or main-
tenance of CD8+ T-cell memory have been limited, but the
approach of using replication-deficient parasites allowed for
investigation of these responses at late time points following
infection. Because c-Rel has previously been linked not only
with proliferation but also with the expression of pro-survival
factors such as Bcl-xL and Bcl-2, it was not clear that
immunization-induced antigen-specific cells would be able
to survive (40). While 30 days following immunization,

c-Rel�/� mice had reduced levels of OVA-specific cells; at
time points 2–3 months after immunization, the levels of
OVA-specific cells were not substantially different in WT and
c-Rel�/� mice (Fig. 5A and B). Similar frequencies of OVA-
specific cells were also identified in the blood and bone mar-
row, indicating that c-Rel�/� mice were able to maintain
a pool of memory CD8+ T cells 2–3 months following immuni-
zation (data not shown). When splenocytes were stained at
these time points for intracellular expression of Bcl-2, tet-
ramer+ cells from c-Rel�/� mice actually expressed higher
levels of this survival protein compared with WT mice (33 6

0.97% versus 59.2 6 13.7%, P = 0.04, with an n = 5 for WT
and n = 3 for c-Rel�/� mice). Additionally, cytokine produc-
tion in response to OVA protein was assessed ex vivo
60 days following immunization, and the ability of cells to
co-produce IFN-c and IL-2 was measured. In these studies,
c-Rel�/� OVA-specific IFN-c-producing CD8+ T cells demon-
strated no differences in their ability to also produce IL-2
(18.93 6 5.3% versus 14.7 6 0.36%, P = .4685 and n = 3
for both groups from one representative experiment).
Similar to data previously published by this laboratory

(26), in WT mice antigen-specific cells even at late time
points following immunization were primarily KLRG1+ and
expressed low levels of CD62L. Representative staining of
splenocytes from WT and c-Rel�/� mice are shown at
60 days post-immunization (Fig. 5C). KLRG1, which was sig-
nificantly lower on c-Rel�/� tetramer+ cells at acute time

Fig. 4. IL-12 can rescue antigen-specific responses in c-Rel�/� mice. Representative plot of antigen-specific responses by tetramer staining in
the PECs (A) and spleen (B), gated on CD3+CD8+ cells. (C and D) c-Rel�/� mice that received exogenous IL-12p70 generated higher levels of
tetramer+ cells in the PECs (C) but not the spleen (D). (E and F) Representative (E) or summarized (F) ex vivo IFN-c production by PECs in
response to SIINFEKL peptide from c-Rel�/� mice treated with IL-12. IL-12 treatment of c-Rel�/� mice was repeated four times with three to four
mice per group; data from one representative experiment are shown.
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points, was now expressed at a similar frequency on OVA-
specific cells. Moreover, CD27 and CD127 (the IL-7Ra
chain) are surface molecules expressed at high levels on
naive T cells that become down-regulated on recently acti-
vated T cells, before being preferentially expressed on mem-
ory CD8+ T cells (41). In naive WT and c-Rel�/� mice, the
CD8+ T cells expressed comparable levels of these markers,
but analysis of the memory populations at day 60 revealed
that tetramer+ cells from the c-Rel�/� mice expressed in-
creased levels of CD27 as compared with WT tetramer+ cells
(MFI of 491 6 9 versus 589 6 4.7; P = 0.0006). Similarly,
CD127 was more highly expressed on c-Rel�/� tetramer+

cells both in terms of frequency of IL-7Ra+ cells (Fig. 5D;
67.7 6 2.9% versus 88.5 6 0.8%) as well as MFI of this cy-
tokine receptor (WT 236 6 10.5 versus c-Rel�/� 305 6 15;
P = 0.0028) (Fig. 5C, far right panels).
Another property associated with memory CD8+ T cells is

their ability to expand more rapidly compared with naive
cells following pathogen exposure (42). Because these mice
were not able to survive challenge with RH-OVA, one way to
test the memory response was to examine the expansion of
antigen-specific cells following secondary challenge with
CPS-OVA. Therefore, 30 days following primary immuniza-
tion with 105 CPS-OVA, mice were challenged with a 10-fold
higher dose of CPS-OVA (106) and immune responses were
then analyzed 5 days later. As expected, there was an ex-
pansion of tetramer-specific cells in WT mice following chal-
lenge (Fig. 6). However, despite the requirement for c-Rel in
the induction of the primary CD8+ T-cell response, OVA-
specific cells from the PECs or spleen of c-Rel�/� mice ex-

panded to a much greater degree in terms of frequency
and total number as compared with WT mice (Fig. 6).
Despite this capacity to greatly expand the CD8+ T-cell

population, these cells were defective in their ability to pro-
duce effector cytokines in response to STAg or OVA protein
as detected by ELISA (Fig. 7A). The secondary responses
were also tested using an adoptive transfer system whereby
immune T cells (30 days post-immunization) were isolated
from WT and c-Rel mice and transferred into Thy-disparate
mice. These mice were then challenged with 106 CPS-OVA
and 1 week later, expansion of the OVA-specific donor cells
was assessed. The ability of the transferred OVA-specific
cells to expand following secondary challenge compared
with PBS-treated controls was similar in WT and c-Rel�/�

mice (Supplementary Figure 3 is available at International
Immunology Online). However, the WT environment restored
the ability of these memory T cells to produce IFN-c protein
in response to a variety of stimuli (Fig. 7B).

Discussion

The NF-jB family of transcription factors plays a key role in
the development of innate and adaptive immunity. c-Rel
has been shown to play key roles in development, survival
and function of CD4+ and CD8+ T cells (11, 19, 43, 44),
macrophages (45), dendritic cells (46, 47), NK cells
(18, 48) and more recently, thymically derived regulatory
CD4+ T cells (49). Previous studies demonstrated the im-
portance of one member, c-Rel, in the development of a po-
tent Th1 immune response to the parasite T. gondii and

Fig. 5. c-Rel is not required for maintenance of tetramer+ cells. (A) Representative plots of splenocytes from WT (top row) and c-Rel�/� mice
(bottom row) immunized 3 months prior with 105 CPS-OVA. (B) Frequency of tetramer+ cells in the spleens of WT and c-Rel�/� mice showing
combined results from four separate experiments and time points ranging from 60 to 90 days after immunization. (C) Overlays showing CD8+

T cells from the spleen of naive mice (shaded gray histogram) compared with WT (black line, top row) or c-Rel�/� (black line, bottom row)
OVA-tetramer+ cells. Representative staining from one mouse per group 75 days following immunization is shown; experiment was repeated at
least three times with similar results. (D) CD127 expression on WT and c-Rel�/� tetramer+ cells.
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have also implicated c-Rel in the development of T-cell
responses in a variety of other settings (11, 13, 19, 50). In
contrast, other reports have indicated that c-Rel was not re-
quired for the activation and effector function of CD8+

T cells in the context of influenza infection (14). Attempts to
assess the role of c-Rel in the generation of CD8+ T-cell
responses to T. gondii have been hindered by the sus-
ceptibility of c-Rel�/� mice to this organism. This difficulty
was overcome by utilizing a non-replicating strain of
T. gondii engineered to secrete the model antigen OVA,
thus allowing the primary and secondary antigen-specific
CD8+ T-cell response to be tracked with improved
specificity (26).
Previous studies have established that B-cell responses

are defective in c-Rel�/� mice (28). A single round of immu-
nization with CPS-OVA does not induce circulating levels of
Toxoplasma-specific antibodies (data not shown), and previ-
ous work from this laboratory has demonstrated that in this
model, resistance to secondary challenge is mediated pri-
marily by CD8+ T cells (26). Although B cells and antibody
are known to be important during infection with T. gondii
(51, 52), and have been shown to produce cytokines that
modulate T-cell responses (53), B cells are not required for
protection in the system utilized for these studies. Further,
other infection models have demonstrated that while CD4+

T-cell memory responses were severely limited in B-cell-
deficient systems, CD8+ T-cell responses were unaffected
(54). Use of the CPS-OVA experimental system revealed that
while c-Rel is required for optimal generation of CD8+

T cells in response to T. gondii, it is not intrinsically needed
by CD8+ T cells for their expansion or effector function. This
is in contrast to recent work from our laboratory which
indicates that NF-jB1 is intrinsically required by CD8+

T cells for expansion and effector function during T. gondii
infection (55).

There are several possible explanations for the role of
c-Rel in the development of an optimal primary CD8+ T-cell
response. IL-12 is essential for protective CD8+ T-cell
responses to T. gondii (38) and previous studies have identi-
fied a key role for c-Rel in the production of IL-12. Although
there are also c-Rel-independent pathways for IL-12 produc-
tion (17, 45, 56), there is a defect in early IL-12 in c-Rel�/�

mice infected with T. gondii (25). Moreover, studies by
Gerondakis et al. highlighted a role for c-Rel in regulating
the differentiation and survival programs of plasmacytoid
dendritic cells (57), which are an important source of IL-12
during toxoplasmosis (58). Additionally, recent work has as-
sociated the expression of KLRG1 by CD8+ T cells with expo-
sure to IL-12 (38, 39, 59), and while antigen-specific CD8+ T
cells from c-Rel�/� mice were for the most part phenotypi-
cally similar to WT antigen-specific CD8+ T cells, the only ma-
jor difference was reduced expression of KLRG1. In addition
to regulating the effector phenotype of CD8+ T cells, IL-12
also impacts the initial expansion of these cells (60, 61),
which might explain the impaired expansion of CD8+ T cells
in c-Rel�/� mice. Indeed, providing exogenous IL-12 to
c-Rel�/� mice resulted in a partial rescue of CD8+ effector
T-cell expansion following immunization. The observation that
tetramer-specific responses in the c-Rel�/� mice were not
fully rescued in the spleen might indicate either that insuffi-
cient doses of IL-12 were given to the mice or that other
c-Rel-dependent mechanisms are required for these effects.
For example, several groups have reported reduced ability
of c-Rel�/� CD4+ T cells to produce IL-2 (10, 43), and the
ability of the CPS parasites to promote CD8+ T-cell responses
is dependent on CD4+ T cells (26). Thus, defects in the
CD4+ T cell compartment, in terms of either numbers or
functionality of these cells, would also impact the CD8+ T-cell
response. Indeed, while the ability of c-Rel�/� OTI cells trans-
ferred into WT mice to expand normally indicates that c-Rel

Fig. 6. c-Rel is not required for secondary expansion following rechallenge. Mice were immunized with 105 CPS-OVA, and 30 days later,
rechallenged with 106 CPS-OVA. Tetramer responses were then analyzed 5 days later. Frequency (A) and number (B) of tetramer+ cells in the
PECs. Frequency (C) and number (D) of cells in the spleen. Data from one of three similar experiments are shown.
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is not intrinsically required for optimal CD8+ T-cell responses,
these experiments do not distinguish between the role of
c-Rel in antigen-presenting cell populations and CD4+ T cells.
Perhaps the most surprising element of these studies was

that although memory was functionally compromised in
terms of the ability of c-Rel�/� mice to survive a secondary
challenge with virulent T. gondii, there were comparable fre-
quencies of memory CD8+ T cells in the WT and c-Rel�/�

mice and tetramer+ cells from c-Rel�/� mice also expressed
higher levels of the ‘memory’ markers CD27 and CD127. Fur-
ther, upon rechallenge, c-Rel�/� mice exhibited increased
expansion of the CD8+ T-cell subset compared with WT
mice. This phenotype may also be a function of lower
production of IL-12 as several studies indicate that although
IL-12 is important for CD8+ effector T-cell generation and
function, in its absence CD8+ T cells form better memory
(39, 62). This conclusion also seems to depend on the sys-
tem used, as IL-12 has not been shown to induce similar
effects in all infection models (63); IL-12 seems to be impor-
tant in the expansion of effector CD8+ T cells in response to
Listeria monocytogenes and T. gondii (38, 39, 62). However,
IL-12 is not as critical in some viral systems including lym-
phocytic choriomeningitis virus (LCMV) and vesicular stoma-
titis virus, while there are contradictory reports about its role
in CD8+ T-cell responses to vaccinia virus (59, 63).

Several viral and bacterial systems have been used exten-
sively to define the factors that influence the development of
CD8+ T-cell effector and memory populations (37, 39, 64).
Perhaps not surprisingly, in other infectious settings, there
are some differences emerging; for instance, the acquisition
of a CD62L+ memory phenotype seems to take longer in
bacterial and parasite infection as compared with LCMV
(64–66). Additionally, while KLRG1 expression is maintained
long term on antigen-specific cells that develop following
CPS-OVA immunization (26), this marker is down-regulated
over time after LCMV infection (36). Certainly, much work
remains to be done in the study of memory CD8+ T cells that
develop in distinct inflammatory environments and the contri-
butions made by different cytokines, including IL-12. How-
ever, our results are in agreement with a model supporting
a role for IL-12 in the promotion of primary responses while
its absence enhances development of memory CD8+ T cells
(36, 39). While some transcription factors associated with ef-
fector or memory CD8+ T-cell differentiation have been de-
scribed, including T-bet and Eomesodermin (36, 62, 67), it
is likely that more will be found. Determination of the factors
regulating CD8+ T-cell effector and memory development
has strong implications for rational vaccine design or control
of immune system dysfunction (68). Overall, it seems likely
that c-Rel is not required for the function of mature CD8+

T cells, in agreement with previous work that showed normal
function and proliferation of effector CD8+ T cells induced
following infection (14). Rather, the work presented here
suggests that c-Rel plays a significant role in creating the
inflammatory environment that influences the development and
function of the CD8+ T-cell response and memory formation.

Supplementary data

Supplementary Figures 1–3 are available at International
Immunology Online.
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