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Trypanosoma cruzi is a protozoan parasite that causes human Chagas’ disease, a leading source of congestive
heart failure in Central and South America. CD8� T cells are critical for control of T. cruzi infection, and CD8� T
cells recognizing the immunodominant trans-sialidase gene-encoded peptide TSKB20 (ANYKFTLV) account for
approximately 30% of the total CD8� T-cell population at the peak of infection in C57BL/6 mice. Type I interferons
(IFN-I) are pleiotropic cytokines that play a critical role in both innate and adaptive immunity against a variety of
infections, but their induction and their role in infection are dictated by the infectious agent. Because type I IFNs
and IFN-responsive genes are evident early after T. cruzi infection of host cells, we examined the influence of IFN-I
on the development of CD8� T-cell responses during this infection. Mice lacking the receptor for IFN-I (IFNARKO)
and their wild-type counterparts both developed chronic infections and generated similar frequencies of immuno-
dominant TSKB20- and subdominant TSKB18-specific CD8� T cells following T. cruzi infection. In contrast, peak
TSKB20-specific CD8� T-cell responses generated during infection with vaccinia virus engineered to express
TSKB20 were approximately 2.5-fold lower in IFNARKO mice than B6 mice, although after viral clearance, the
frequencies of TSKB20-specific CD8� T cells stabilized at similar levels. Together, these data suggest that IFN-I
induction and biology are dependent upon the microbial context and emphasize the need to investigate various
infection models for a full understanding of CD8� T-cell development.

CD8� T cells are an essential contributor to the control of
the intracellular protozoan pathogen Trypanosoma cruzi, the
causative agent of human Chagas’ disease. T. cruzi trypomasti-
gotes can infect virtually any nucleated cell, and once in the
host cell cytoplasm, transform into and replicate as amasti-
gotes. The cytoplasmic localization of T. cruzi allows for par-
asite-derived proteins to be available for processing and pre-
sentation through the major histocompatibility complex class I
(MHC-I) pathway, and obliteration of this pathway leads to
early death for T. cruzi-infected mice (21, 22). T. cruzi-infected
mice depleted of CD8� T cells also succumb to infection dur-
ing the acute phase (within 35 days after infection) (20). The
annotated genome of T. cruzi contains more than 12,000 genes
(5), yet despite this genetic complexity and the resultant enor-
mous number of potential epitopes, the CD8� T-cell response
to T. cruzi is focused on only a few peptides. In B6 mice
infected with the Brazil strain of T. cruzi, CD8� T cells recog-
nizing TSKB20 (ANYKFTLV) and TSKB18 (ANYDFTLV)
expand significantly and represent over 40% of the total CD8�

T-cell population at the peak of the immune response (12).
Type I interferons (IFN-I) are a complex set of innate

cytokines induced early after infection. IFN-� and the mul-
tiple IFN-� species all act through a heterodimeric receptor
(IFNAR) and have pleiotropic effects on both innate and
adaptive immune responses, including MHC upregulation,

B-cell isotype switching, and NK cell activation, as well as
providing direct survival signals to CD8� and CD4� T cells
(16). Although type I IFNs appear to be essential for anti-
viral innate response (19), their necessity in other infections
is less well documented. Recently, type I interferons have
also been shown to govern the expansion of antiviral CD8�

T cells (1, 7, 8, 10, 18).
Global cytokine analysis of T. cruzi-infected cells has dem-

onstrated that infection of host cells in vitro by T. cruzi is
relatively “quiet,” with the most notable response being the
production of IFN-I and IFN-I-responsive genes (ISGs) (24).
In vivo studies have also shown early induction of IFN-I and
ISGs (3, 17). Given the evidence for early production of IFN-I
in T. cruzi infection and the role this cytokine has been shown
to play in the generation of protective immunity in other in-
fection models, in this study we have examined the contribu-
tion of IFN-I to the immunodominant CD8� T-cell response
to T. cruzi.

MATERIALS AND METHODS

Mice, parasites, and virus. C57BL6 mice and IFNARKO mice were bred at
the University of Georgia and were housed in microisolator cages under specific-
pathogen-free conditions. Tissue culture trypomastigotes of T. cruzi (Brazil
strain) were maintained by passage through Vero cells. Vaccinia virus expressing
TSKB20 under a secretory signal (TSKB20-ES-VV; a kind gift of Jonathon
Yewdell, NIH) were grown and titrated in thymidine kinase-deficient 143B cells.
Mice were infected intraperitoneally (i.p.) with 1,000 tissue culture trypomasti-
gotes of T. cruzi or 2 � 106 PFU of TSKB20-ES-VV. Mice were sacrificed by CO2

inhalation followed by cervical dislocation. All animal protocols were previously
approved by the University of Georgia Institutional Animal Care and Use Com-
mittee.

MHC-I peptide tetramer staining and surface phenotyping. MHC-I tetramers
were synthesized at the Tetramer Core Facility (Emory University, Atlanta, GA).
The tetramers used in these studies were TSKB18 (ANYDFTLV/Kb) and
TSKB20 (ANYKFTLV/Kb). In kinetics experiments, 10 �l of mouse peripheral
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blood was obtained via the tail vein and collected in Na citrate solution. In other
experiments, mouse splenocytes were analyzed. Single-cell suspensions of whole
blood or splenocytes were washed in phosphate azide buffer (PAB) (1% sodium
azide and 0.5% bovine serum in phosphate-buffered saline), stained for 45 min
at 4°C with TSKB20/Kb-phycoerythrin (PE), TSKB18/Kb-allophycocyanin
(APC), anti-CD8 Pacific Blue (BD Pharmingen, San Diego, CA), and a cocktail
of Cy5-PE-labeled anti-CD4, anti-CD11b, and anti-B220 for use as an exclusion

channel. For surface phenotyping, MHC-I tetramer staining was performed as
described above, and at the same time, cells were incubated with CD44-fluores-
cein isothiocyanate (FITC), CD127-PE-Cy7, CD62L-APC, or KLRG-1– APC
(all from BD Pharmingen). Whole blood was lysed in a hypotonic ammonium
chloride solution after surface staining. At least 50,000 cells were acquired on a
BD FacsCalibur flow cytometer (BD) and then analyzed with FlowJo (Tree Star,
Ashland, OR) using a biexponential transformation.

ICCS. For intracellular cytokine staining (ICCS), splenocytes were isolated
from mice and plated at 106 cells/ml in a 96-well round-bottom plate with the
indicated peptide(s) at a 10 �M concentration. GolgiPlug (BD Pharmingen) was
added as per the manufacturer’s instructions (1:1,000 dilution) to block cytokine
secretion, and cells were incubated at 37°C and 5% CO2 for 5 h. Following
stimulation, the cells were washed with phosphate azide buffer and then fixed and
permeabilized and stained with fluorescent-conjugated antibodies anti-CD8–
FITC and anti-IFN-�–APC. The cells were stained on ice (4°C) in the dark for
30 min. Cell characteristics were then acquired on a BD FacsCalibur flow
cytometer (San Diego, CA) or a Cyan flow cytometer (Cytomation, Fort
Collins, CO), and the data were analyzed using FlowJo software (Tree Star,
Ashland, OR).

Statistical analysis. Statistical analyses were performed using a Student’s t
test. P values of �0.05 were considered statistically significant.

RESULTS

Generation of T. cruzi-specific CD8� T cells is unaffected in
hosts deficient in IFN-I signaling. IFNARKO mice and wild-
type (WT) B6 mice control infection with 1,000 Brazil strain T.
cruzi trypomastigotes (100% survival to �200 days postinfec-
tion), allowing for the analysis of T. cruzi-specific CD8� T cells
throughout the course of this chronic infection. The frequen-
cies of CD8� T cells recognizing the immunodominant
TSKB20 peptide and the subdominant TSKB18 peptide in

FIG. 1. Type I interferons (IFN-I) are not required for generation
of T. cruzi-specific CD8� T cells. Eight-week-old B6 (triangles) and
IFNARKO (circles) mice were infected intraperitoneally (i.p.) with
1,000 Brazil strain tissue culture trypomastigotes. Whole blood from
serially bled mice was stained with H-2Kb MHC-I tetramers bearing
TSKB20 (closed symbols) or TSKB18 (open symbols), anti-CD8, and
an exclusion channel containing PE-Cy5.5-labeled anti-CD4, anti-
B220, and anti-CD11b. Values represent the mean of 8 mice per group
with P � 0.1 for all time points.

FIG. 2. Peptide-specific IFN-�-producing CD8� T cells are generated in the absence of IFN-I signaling following T. cruzi infection. Spleen cells
were harvested from uninfected B6 (left column), wild-type B6 (middle column), and IFNARKO (right column) mice at 180 days after infection
with 1,000 Brazil strain T. cruzi parasites. Frequencies of IFN-�-producing CD8� T cells were determined by intracellular cytokine staining after
5 h of in vitro stimulation with T. cruzi peptides as described in Materials and Methods. Values represent the percentage of IFN-�� cells among
CD8� T cells and are representative of a total of 4 mice. P � 0.83 for TSKB20-stimulated IFN-� production, and P � 0.36 for TSKB18-stimulated
IFN-� production.
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serially collected whole-blood samples were nearly identical
throughout the course of infection (Fig. 1), clearly demonstrat-
ing that IFN-I is not required for normal expansion of T.
cruzi-specific CD8� T cells.

Effector function of T. cruzi-specific CD8� T cells is unaf-
fected by deficient IFN-I signaling. To determine if the lack of
IFN-I signaling in CD8� T cells affected the maintenance and
effector function of CD8� T cells responding to T. cruzi infec-
tion, we examined the ability of CD8� T cells from chronically
infected IFNARKO and B6 mice to mount recall responses to
the same TS peptides. B6 and IFNARKO mice at 180 days
postinfection had similar frequencies of IFN-�-producing
CD8� T cells after stimulation with TSKB20 or TSKB18 and
also maintained the same immunodominance pattern of
TSKB20 � TSKB18 (Fig. 2).

T. cruzi-specific CD8� T cells from chronically infected mice
display a primarily effector-memory (CD44hi CD62Llo CCR7lo

CD127lo) phenotype (12). Using CD62L as a representative
marker for effector/effector memory CD8� T cells, we found
that the same percentage of total CD8� T cells (P � 0.77) and
TSKB20-specific CD8� T cells (P � 0.92) had a CD44hi

CD62Llo phenotype in IFNARKO mice as in B6 mice (Fig. 3).
However, a slightly greater percentage of TSKB20-specific
cells expressed KLRG-1, an activation marker associated with
chronic antigenic stimulation, in IFNARKO mice (80%
CD44hi KLRG1hi) as compared to B6 mice (63% CD44hi

KLRG1hi; P � 0.027) (Fig. 3), possibly suggesting a higher
degree of antigen exposure in the IFNARKO mice.

IFN-I is critical for expansion of TSKB20-specific CD8� T
cells following TSKB20-VV infection. To determine if the in-
dependence of the TSKB20-specific response from IFN-I sig-
naling was specific for these epitopes or was related to the
expression of these epitopes in T. cruzi, we examined the gen-
eration of TSKB20-specific T-cell responses to vaccinia virus
expressing the TSKB20 epitope. In contrast to the equivalent
response to TSKB20 seen in T. cruzi-infected mice, IFNARKO
mice displayed a 2-fold-lower TSKB20-specific CD8� T-cell
response during acute TSKB20-VV infection (Fig. 4) relative

FIG. 3. The phenotype of T. cruzi-specific CD8� T cells is unal-
tered in IFNARKO mice. Spleen cells were harvested from unin-
fected B6 (left column), wild-type B6 (middle column), and
IFNARKO (right column) mice at 180 days after infection with
1,000 Brazil strain T. cruzi parasites. Surface staining with MHC-I
tetramers and fluorochrome-conjugated antibodies was performed
as described in Materials and Methods. (A) MHC-I tetramer stain-
ing of CD8� T cells from uninfected mice, T. cruzi-infected B6 mice,
or T. cruzi-infected IFNARKO mice. For B6 mice, the percentage
of CD8� IFN-�� cells was 3.1% 	 1.7%; for IFNARKO mice, the
percentage of CD8� IFN-�� cells was 3.4% 	 1.8% (P � 0.83; n �
4). Data are representative of two experiments. (B) Expression of
CD62L (y axis) and CD44 (x axis) on total CD8� T cells (top) or
TSKB20-specific CD8� T cells (bottom). (C) Expression of
KLRG-1 (y axis) and CD44 (x axis) on total CD8� T cells (top) or
TSKB20-specific CD8� T cells (bottom). The data presented show
phenotyping for representative mice for each group (n � 5 or 6 mice
per group).

FIG. 4. IFNARKO mice develop lower peak TSKB20-specific
responses following TSKB20-VV infection. Eight week old female
B6 (triangles), male B6 (open circles), and male IFNARKO (dia-
monds) mice were infected i.p. with 2 � 106 PFU TSB20-VV.
Because of the dearth of female IFNARKO mice in the colony, we
used all males in the IFNARKO group and compared them to both
male and female B6 mice. Mice were serially bled through the tail
vein at the designated times, and whole blood was stained with
H-2Kb MHC-I tetramers bearing TSKB20, anti-CD8, and an exclu-
sion channel containing PE-Cy5.5-labeled anti-CD4, anti-B220-,
and anti-CD11b. Values represent the mean of 4 to 6 mice per
group and are representative of 2 experiments. P is 
0.05 for time
points before 30 days postinfection.
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to B6 mice. Following viral clearance in the mice infected with
TSKB20VV, TSKB20-specific CD8� T contract to approxi-
mately 1% of CD8� T cells in both IFNARKO and B6 mice,
as measured by MHC-I tetramer staining (Fig. 5A) and pep-
tide-induced IFN-� responses (Fig. 5B). At this time point, the
TSKB20-specific CD8� T cells generated in TSKB20VV-in-
fected IFNARKO and WT mice were also phenotypically
indistinguishable with respect to CD44/CD62L expression
(Fig. 5C).

DISCUSSION

Type I interferons constitute a family of pleiotropic cyto-
kines critical to host defense against a variety of pathogens.

Virus-infected cells produce IFN-I, which acts in an auto-
crine or paracrine fashion to induce an antiviral state, a
phenomenon described more than 50 years ago. IFNIRKO
mice generally succumb to infection with highly virulent
cytopathic viruses, but survive infection with less-cytopathic
viruses such as lymphocytic choriomeningitis virus (LCMV),
although with accompanying persistent infection and conse-
quent functional exhaustion of T cells. In the case of infec-
tion with the intracellular bacterium Listeria monocytogenes,
the absence of IFN-I signaling seems to be beneficial to the
host (13).

More recently, the role of IFN-I in directing adaptive im-
mune responses in hosts with intact IFN-I signaling has been
appreciated (6). The immunomodulatory effects of IFN-I on T

FIG. 5. Peptide-specific IFN-�-producing CD8� T cells are generated in the absence of IFN-I signaling following TSKB20-VV infection. Spleen
cells were harvested from uninfected B6 mice (left column) and B6 (middle column) and IFNARKO (right column) mice infected i.p. with 2 �
106 PFU TSB20-VV. (A) MHC-I tetramer staining of CD8� T cells from uninfected mice, T. cruzi-infected B6 mice, or T. cruzi-infected IFNARKO
mice. For B6 mice, the percentage of CD8� IFN-�� mice is 1.0% 	 0.8%; for IFNARKO mice, the percentage of CD8� IFN-�� mice is 1.2% 	
0.6% (P � 0.83; n � 12 mice). The data in the figure show one representative mouse per group. (B) Frequencies of IFN-�-producing CD8� T cells
determined by intracellular cytokine staining after 5 h of in vitro stimulation with T. cruzi peptides as described in Materials and Methods. Values
represent the percentage of IFN-�� cells among CD8� T cells and are representative of a total of 4 mice (P � 0.1). (C) Expression of CD62L (y
axis) and CD44 (x axis) on total CD8� T cells (top) or TSKB20-specific CD8� T cells (bottom). The data presented show phenotyping for
representative mice for each group (n � 5 mice per group).
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cells can occur indirectly through the effects of IFN-I on anti-
gen-presenting cells (9, 11) or by the direct binding of IFN-I to
receptors on T cells, generally enhancing but sometimes de-
pressing T-cell function, depending on the context of exposure
(16). IFN-I promotes T-cell expansion in several mouse mod-
els of infection, such as LCMV (1, 8, 23), VV (23), or Listeria
monocytogenes (23). LCMV infection provides perhaps the
most striking example of the dependence of CD8� T-cell re-
sponses on IFN-I as CD8� T cells specific for the immuno-
dominant LCMV gp33 epitope fail to expand in the absence of
IFN-I (1, 8, 23). Because IFN-� stands out as one of the few
proteins secreted relatively early by T. cruzi-infected cells (24),
we hypothesized that IFN-I would be critical for strong and
immunodominant expansion of T. cruzi-specific CD8� T cells
observed in this infection.

The data presented herein demonstrate that, contrary to
these expectations, T. cruzi-specific CD8� T cells develop in-
dependently of IFN-I signaling. No differences in the frequen-
cies or function of TSKB20- or TSKB18-specific CD8� T cells
between IFNARKO and B6 mice were observed throughout T.
cruzi infection. In contrast, maximal expansion of TSKB20-
specific CD8� T cells in response to TSKB20-VV infection
required type I IFN, similarly to the reported 2.5-fold-lower
expansion of CD8� T cells to either OVA-VV or GP33-VV
infection in IFNARKO mice (23). These data confirm that
responses against the same CD8� T-cell epitope differ in their
requirements for IFN-I signaling, depending on the pathogen
expressing that epitope, and provide the first report that IFN-1
signaling is not critical for development of CD8� T-cell re-
sponses against a protozoan parasite.

Analysis of high-dose infections with T. cruzi reveals up-
regulation of IFN-I and interferon-stimulated genes as the
most prominent host cell response to infection (2–4, 24). If
one excludes these cytokine-dependent responses, the host
cell response to infection appears to be quite variable but
with the common feature of changes in stress response genes
and genes controlling cell growth (4). T. cruzi infection in
vivo is also noteworthy in that systemic indicators of innate
immune system stimulation are slow to appear and the ex-
pansion of pathogen-specific CD8� T cells is quite sluggish
relative to a number of other viral, bacterial, and parasitic
infections (15). The fact that T. cruzi-specific CD8� T cells
do not appear to rely on IFN-I for their expansion and that
IFNARKO mice survive T. cruzi infection implies that the
fundamental mechanisms contributing to adaptive immunity
in this system are independent of IFN-I. Furthermore, these
results suggest that the some of the earliest events accom-
panying invasion (e.g., the production of type I IFN) are not
sufficient to initiate what later becomes a very potent cellu-
lar and humoral response to T. cruzi. This result provides
further support for the hypothesis that strong immune rec-
ognition and the generation of adaptive immune responses
are delayed until a round of replication and the release of an
amplified population of parasites occurs: some 4 to 5 days
following the initial infection (14).
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