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Differential Kinetics of Antigen-Specific CD4� and CD8� T
Cell Responses in the Regression of Retrovirus-Induced
Sarcomas1

Koen Schepers,* Mireille Toebes,* Gitte Sotthewes,* Florry A. Vyth-Dreese,*
Trees A. M. Dellemijn,* Cornelis J. M. Melief,† Ferry Ossendorp,† and
Ton N. M. Schumacher2*

Despite the accepted role for CD4� T cells in immune control, little is known about the development of Ag-specific CD4� T cell
immunity upon primary infection. Here we use MHC class II tetramer technology to directly visualize the Ag-specific CD4� T cell
response upon infection of mice with Moloney murine sarcoma and leukemia virus complex (MoMSV). Significant numbers of
Ag-specific CD4� T cells are detected both in lymphoid organs and in retrovirus-induced lesions early during infection, and they
express the 1B11-reactive activation-induced isoform of CD43 that was recently shown to define effector CD8� T cell populations.
Comparison of the kinetics of the MoMSV-specific CD4� and CD8� T cell responses reveals a pronounced shift toward CD8� T
cell immunity at the site of MoMSV infection during progression of the immune response. Consistent with an important early role
of Ag-specific CD4� T cell immunity during MoMSV infection, CD4� T cells contribute to the generation of virus-specific CD8�

T cell immunity within the lymphoid organs and are required to promote an inflammatory environment within the virus-infected
tissue. The Journal of Immunology, 2002, 169: 3191–3199.

T he development of protective T cell immunity against in-
tracellular pathogens involves MHC class I-restricted cy-
totoxic CD8� T cells and MHC class II-restricted helper

CD4� T cells. Whereas the activity of Ag-specific CD8� T cell
immunity primarily involves direct inactivation of Ag-expressing
cells, the actions of Ag-specific CD4� T cell populations are more
diverse. Traditionally, CD4� T cells are considered to provide a
setting for optimal CD8� T cell and B cell activation. Although
originally this T cell help was thought to be mediated by Th-
secreted cytokines, more recent studies have indicated that CD4�

T cell help is at least in part mediated through the “licensing” of
APCs for CD8� T cell activation (1–3). In addition to this role of
CD4� T cell immunity in the initiation of cytotoxic T cell re-
sponses, CD4� T cells can also mediate other orchestrating func-
tions, as well as direct effector functions in the control of (retro)
viral infections (4) and tumors (5, 6). Despite these accepted roles
for Ag-specific CD4� T cells in disease control, comparatively
little is known about the development of CD4� T cell immunity.

In the past few years, MHC class I multimers have been exten-
sively used to study CD8� T cell responses in a number of tumor
and virus models (7, 8). These studies have provided insight into
fundamental characteristics of CD8� T cell immunity, such as the
magnitude, distribution, and kinetics of CD8� T cell responses

during pathogen encounter. More recently, MHC class II multim-
ers have been used to study the presence of Ag-specific CD4� T
cells in different models. These studies showed the presence of
small but demonstrable numbers of Ag-specific CD4� T cells in
mice vaccinated with model Ags and in the synovial fluid of in-
dividuals suffering from chronic Lyme arthritis and rheumatoid
arthritis (9–12). In addition, virus-specific CD4� T cells have been
detected in the blood of patients exposed to HSV or influenza A
virus, after specific in vitro expansion of PBMCs (13, 14). Re-
cently, Homann et al. (15) used MHC class II and class I tetramers
to address the formation and stability of CD4� and CD8� T cell
memory upon infection of mice with lymphocytic choriomeningi-
tis virus (LCMV)3 and demonstrated that, whereas CD8� T cell
memory is stably maintained for life, CD4� T cell memory de-
clines gradually.

Here, we use an onco-retrovirus infection model to study the
development of primary Ag-specific T cell immunity. Upon infec-
tion of mice with Moloney murine sarcoma and leukemia virus
complex (MoMSV), animals rapidly develop pronounced virally-
induced sarcomas. These lesions are characterized by a mixture of
virus-infected myocytes and a large infiltrate of lymphocytes,
granulocytes, and macrophages (16–18). In immunocompetent
mice, the virus-induced lesions regress in a T cell-dependent man-
ner over a period of 4–5 wk. In contrast, immunodeficient mice
succumb as a consequence of uncontrolled viral spreading/cellular
transformation by the mos oncogene that is encoded by this onco-
retrovirus (19–21). Importantly, CD4� T cell immunity is essen-
tial for successful viral clearance upon MoMSV infection, as
shown by the fact that CD4-depleted mice develop progressive and
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lethal lesions (Refs. 22 and 23 and see Results). Furthermore, vac-
cination with a Moloney-derived T helper epitope protects mice
from retrovirus-induced tumors (24). Consequently, analysis of the
MoMSV-specific CD4� T cell response may provide insights into
the characteristics of a successful retrovirus-specific immune re-
sponse and the development and function of Ag-specific CD4� T
cell immunity in general.

Materials and Methods
Mice, viruses, and Abs

C57BL/6 mice were bred at the experimental animal department of the
Netherlands Cancer Institute (Amsterdam, The Netherlands) and at the
Leiden University Medical Center animal facility (Leiden, The Nether-
lands). Mice were kept under specified pathogen-free conditions. Mice
were handled at all times in accordance with institutional guidelines.

MoMSV was prepared and injected (103 focus-forming units) in the
thigh muscle as described (25). Purified recombinant influenza A virus
strain A/NT/60/68 was kindly provided by Dr. R. Consalves (National
Institute of Medical Research, London, U.K.). A/NT/60/68 virus was
grown and hemagglutination activity and infectious titers were tested in the
Department of Virology, Erasmus University (Rotterdam, The Nether-
lands). The mAbs used for in vivo depletion of the CD4� and CD8� T cell
subsets were GK1.5 and 2.43, respectively. Purified Abs were administered
by i.p. injection of 100 �g of Ab in 0.2 ml of PBS at the time points
indicated in the figures. These treatments efficiently deplete the respective
T cell subsets (depletion efficiency: CD4� cells, 99%; CD8� cells, 95%;
data not shown). CD4�CD8� cell levels stay strongly decreased for �2 wk
after withdrawal of Ab treatment. Abs used for flow cytometry were PE-
and allophycocyanin-conjugated anti-CD4 Ab, FITC-conjugated anti-
CD62L, anti-CD44 and anti-CD43 (1B11) Ab (BD Biosciences, Mountain
View, CA), R-PE/Cy5-conjugated F4/80 Ab (Serotec, Oxford, U.K.), and
allophycocyanin-conjugated anti-CD8a Ab (BD Biosciences). Abs used for
in situ analysis were biotin-conjugated anti-CD4 (L3T4), anti-CD8b.2, and
anti-I-Ab, and FITC-conjugated anti-CD11c (BD Biosciences) and F4/80
Ab (Serotec).

Generation of tetramers

Peptides were produced using standard F-moc chemistry. PE-labeled
H-2Db tetramers were produced as described previously (26, 27) and stored
frozen in TBS/16% glycerol/0.5% BSA.

Allophycocyanin-labeled I-Ab tetramers were generated using MHC
class II heterodimers expressed either in COS-7 cells or in insect cells. An
�-chain construct comprising the signal peptide and the extracellular do-
main of the �-chain, followed by a six-residue GGS-linker, an acid leucine
zipper, and a his tag, was assembled from the following oligos: 5�-GGTGTC
GACGCCACCATGCCGTGCAGCAGAGC-3� (contains SalI site), 5�-
TTTTTCCAGCGCCTGCAGTTCTTTTTCCAGCTGCGCGGAACCACC
GGAACCACCCTCAGGTTCCCAGTGTTTCAG-3�, 5�-CTGCAGGCGC
TGGAAAAAGAAAACGCGCAGCTGGAATGGGAACTGCAGGCG-3�,
and 5�-CCGAATTCTTAGTGGTGGTGGTGGTGGTGACCACCCTGCG
CCAGTTCTTTTTCCAGCGCCTGCAGTTCCCATTC-3�(containsEcoRI
site). A �-chain construct comprising the signal peptide of the �-chain, a
BamHI cloning site, a nine-residue GGS-linker, and amino acid GD
SERH. . . EWRAQS of the extracellular domain of the �-chain, followed
by a six-residue GGS-linker, basic leucine zipper, and a biotag was as-
sembled from the following oligos: 5�-GGTGTCGACGCCACCATGGC
TCTGCAGATCCCC-3� (contains SalI site), 5�-CAGAGCCTGGAGTTT
CTTCTTCAGCTGGGCGCTACCACCGGAGCCGCCAGACTGTGCCC
TCCACTC-3�, 5�-GAAGAAGAAACTCCAGGCTCTGAAAAA, 5�-AAA
GAATGCCCAGCTCAAGCAGAAGCTGCAGGCCCTGAAGAAA-3�, 5�-
CGAAGATGTCGTTCAAACCACCACCCGCGGAACCACCGGAACCCT
GAGCCAGCTTTTTCTTCAGGGCCTGCAG-3�, 5�-GGTTTGAACGACA
TCTTCGAAGCTCAGAAAATCGAATGG-3�, 5�-ACCGAATTCTTAGTG
CCATTCGATTTTCTGAGC-3� (contains EcoRI site), 5�-GTCTCCGGAG
CCGCCGCTACCACCGGATCCGCCCTCAGTCCT/CTGGGC-3�, and 5�-
GGCGGCTCCGGAGACTCCGAAAGGCATTTC-3�. The BamHI site was
used to insert an I-Ab-restricted MoMSV-envelope epitope (H19-Env) pep-
tide-encoding (EPLTSLTPRCNTAWNRLKL) sequence (using primers 5�-
GATCCGAGCCACTGACCAGCCTGACCCCAAGATGCAACACCGCTT
GGAACAGACTGAAGCTGG-3� and 5�-GATCCCAGCTTCAGTCTGTT
CCAAGCGGTGTTGCATCTTGGGGTCAGGCTGGTCAGTGGCTCG-3�)
or a nucleoprotein (NP)413–435 peptide-encoding sequence (using primers 5�-
GATCCGTTCAGCGTAACCTGCCGTTCGACAAACCGACCATCATGG
CTGCTTTCACCGGTAACACCTACG-3� and 5�-GATCCGTAGGTGTTA
CCGGTGAAAGCAGCCATGATGGTCGGTTTGTCGAACGGCAGGTTA

CGCTGAACG-3�). The �- and �-chain were cloned into the eukaryotic
expression vectors pMT2 and pMT/V5-HisA (Invitrogen, San Diego, CA).
The resulting pMT2 plasmids were transiently transfected (5 �g of each plas-
mid) into COS-7 cells by standard DEAE transfection. After DMSO shock,
cells were cultured for 72 h at 37°C in 1� Hybridoma medium NS (Boehr-
inger Mannheim, Mannheim, Germany) in IMDM (Life Technologies, Pais-
ley, U.K.). For production in insect cells, the resulting pMT/V5-HisA plasmids
(9.5 �g of each plasmid) were transfected into Drosophila S2 cells together
with pS2Neo (1 �g). Stable transfectants were selected by growing the cells in
SDM medium (Life Technologies) containing 10% FCS and 2 mg/ml G418
for 3–4 wk. The �� heterodimer production was induced by growing the cells
in the presence of 500 �M Cu2So4 for 4–5 days. Subsequently, the supernatant
was collected and concentrated, and the buffer was exchanged to 100 mM
NaCl, 20 mM Tris (pH 8). The �� heterodimers were purified by Co2� pre-
cipitation using 100 mM Imidazole for elution. Then �� heterodimers were
biotinylated with BirA, purified, and converted to tetramers as has been de-
scribed for MHC class I tetramers (27). MHC class II tetramers were stored at
4°C in 150 mM NaCl/20 mM Tris (pH 7)/0.5% BSA (Sigma-Aldrich, The
Netherlands). MHC class II tetramers were used at a final concentration of
�0.75 �g/ml.

Cell isolation and in vitro restimulation

Spleen, lymph nodes, and lungs were isolated and homogenized using a
nylon mesh filter (NPBI, Emmer-Compascuum, The Netherlands). Tumors
were isolated and homogenized by treatment of small tumor pieces with
Collagenase (1 mg/ml) and DNase (10 �g/ml) for 30 min at 37°C and were
transferred through a nylon mesh filter. RBCs were removed from the cell
suspensions by treatment with erylysis buffer (155 mM NH4Cl, 10 mM
KHCO3, and 0.1 mM EDTA (pH 7.4)).

For in vitro restimulation, cells were labeled with CFSE (Molecular
Probes, Leiden, The Netherlands) as described (28). CFSE-labeled cells
were stimulated for 6 days in IMDM supplemented with 10% FCS (Bio-
Whittaker, Verviers, Belgium), 0.5 �M 2-ME (Merck, Hohenbrunn, Ger-
many), penicillin (100 U/ml), and streptomycin (100 �g/ml) (Boehringer
Mannheim) (culture medium) in either the presence or absence of H19-Env
peptide.

Flow cytometry

MHC class I tetramer staining was performed in PBS containing 0.5% BSA
and 0.02% NaN3 at room temperature for 15 min. MHC class II tetramer
staining was performed in culture medium at 37°C for 3–3.5 h. Staining
with Abs was performed during the last 20 min of tetramer staining. Sam-
ples were also stained with F4/80 Ab to be able to reduce background
staining of MHC class II tetramers by gating out macrophages. Subse-
quently, cells were washed and resuspended in PBS containing 0.2% BSA
and 0.02% NaN3. Before analysis, propidium iodide was added to select for
propidium iodide-negative (living) lymphocytes. Analysis was performed
on a FACSCalibur using CellQuest software (BD Biosciences).

Intracellular staining

Intracellular staining was performed as described (29). In brief, cells were
incubated with peptide (10 �g/ml) for 4–5 h at 37°C in the presence of
recombinant human IL-2 (10 U/ml) and brefeldin A (1 �l/ml). After in-
cubation, cells were stained with anti-CD8a-allophycocyanin or anti-CD4-
allophycocyanin Ab, incubated in Cytofix/Cytoperm solution (BD Bio-
sciences) for 20 min on ice, washed, and stained for intracellular cytokine
with anti-IFN-�-FITC (BD Biosciences) or FITC-labeled isotype-matched
control Ab (BD Biosciences). Analysis was performed on a FACSCalibur
using CellQuest software (BD Biosciences).

Statistical analysis

Percentages and absolute numbers of tetramer-positive cells were logarith-
mically transformed, and subsequently a repeated measurement ANOVA
was used. The model was fitted using restricted maximum likelihood, as-
suming constant SDs over cell type as well as time. SEs and p values were
calculated using the sandwich estimator for the covariance matrix of the
means. The p values were calculated from approximate type III F-tests,
confidence intervals from approximate t-distributions. First, an overall test
was done to determine whether the two curves differ in shape (cell*time
interaction). If this was the case ( p � 0.05), relative changes between
adjacent days were estimated and compared between the two cell types.
PROC MIXED of the SAS statistical was used for the analyses.

For statistical analysis of CD4-depleted and control mice, percentages of
H-2Db tetramer containing the GagL85–93 peptide variant Abu-Abu-Leu-
Abu-Leu-Thr-Val-Phe-Leu (GagL*) peptide (Db-GagL* tetramer)-positive
cells were logarithmically transformed and analyzed by a Student’s t test.
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In situ immunohistochemical and immunofluorescence analysis

Cryostat fragments of retrovirus-induced sarcoma tissues were cut in 4-�m
sections, air-dried overnight, and fixed in acetone for 10 min at room tem-
perature. Sections were preincubated in 5% (v/v) normal goat serum (Cen-
tral Laboratory of the Netherlands Red Cross Blood Transfusion Service,
Amsterdam, The Netherlands), or 5% (v/v) normal mouse serum in case of
staining with hamster Abs.

For immunohistochemical analysis, sections were stained using a stan-
dard alkaline phosphatase protocol as described previously, with slight
modifications (30). Briefly, sections were stained with primary Ab diluted
in PBS containing 1% BSA (plus 10% normal mouse serum in case of
staining with hamster Abs). Sections stained with FITC-conjugated Ab
were subsequently incubated with alkaline phosphatase-labeled sheep anti-
FITC Ab (Boehringer Mannheim). Sections stained with biotin-conjugated
Ab were subsequently incubated with streptavidin/biotin-conjugated alka-
line phosphatase complex (ABC-protocol; DAKO, Glostrup, Denmark).
Color was developed using naphtol AS-MX phosphate (0.3 mg/ml) plus
New Fuchsin (0.1 mg/ml) in 0.2 M Tris-HCl buffer (pH 8.0; ABC-protocol;
DAKO), and sections were counterstained with hematoxylin. Between in-
cubation steps, sections were extensively rinsed in PBS. Within each stain-
ing procedure, isotype-matched control Abs were included and found
negative.

Immunofluorescence double labeling was performed as described pre-
viously (31), with slight modifications. Briefly, sections were incubated
with optimal dilutions of FITC-conjugated F4/80 Ab and biotin-conjugated
mouse anti-mouse I-Ab (MHC class II) mAbs (in PBS containing 1% (w/v)
BSA) for 1 h at room temperature, followed by incubation with Cy5-con-
jugated streptavidin (Jackson ImmunoResearch Laboratories, Palo Alto,
CA). Confocal fluorescence images were obtained on a Leica TCS SP
confocal system (Leica Microsystems, Heidelberg, Germany), equipped
with an Ar/HeNe laser combination. Images were taken using a 40 � 1.25
NA objective. Color photomicrographs were taken from electronic
overlays.

Results
Role of CD4� and CD8� T cells in the regression of MoMSV-
induced sarcomas

After i.m. injection of mice with MoMSV virus, lesions develop
within 2 wk, and they subsequently regress spontaneously. We
determined the role of CD4� and CD8� T cells in immune control
of MoMSV infection by analyzing lesion development in mice
depleted for either CD4� cells or CD8� T cells. Consistent with
earlier data (22, 23), CD4 depletion resulted in progressive out-
growth of MoMSV-induced lesions and subsequent death (Fig. 1),
demonstrating that CD4� T cells are required for the regression of
MoMSV-induced sarcomas. Mice depleted of CD8� cells show a
delay in the regression of MoMSV-induced tumors but eventually
clear the virus (Fig. 1) (22). Likewise, sarcoma regression is de-
layed but not abolished in perforin-deficient mice (32). Previously,
it has been demonstrated that regression of MoMSV-induced le-
sions in immunodeficient mice can be achieved by infusion of

Ag-specific CD8� T cell clones (33). Collectively, these data in-
dicate that, whereas CD4� T cell immunity is crucial for the con-
trol of MoMSV infection, CD8� T cell immunity contributes to
viral clearance in conjunction with CD8-independent mechanisms.

Detection of MoMSV-specific CD4� T cell immunity using MHC
class II tetramers

Previously, Iwashiro et al. (34) defined the immunodominant I-Ab

restricted epitope (H19-Env, EPLTSLTPRCNTAWNRLKL) of
the envelope (gp70) protein of the Friend murine leukemia virus.
This epitope is conserved in the Friend/Moloney/Rauscher (FMR)
family of retroviruses that includes MoMSV. With the aim to vi-
sualize the Ag-specific CD4� T cell response during MoMSV in-
fection, we generated I-Ab-tetramers containing the H19-Env
epitope of MoMSV (I-Ab-Env). To this purpose, heterodimers of
the extracellular domains of the I-Ab �-chain and �-chain were
produced in eukaryotic cells with the H19-Env epitope covalently
attached to the I-Ab �-chain. Velcro leucine zippers were included
to promote heterodimerization (35), and a His-tag and biotinyla-
tion signal (bio-tag) were attached to the I-Ab �- and �-chain for
subsequent purification and tetramer formation.

The specificity of the I-Ab-Env tetramers was first tested on
H19-Env peptide-stimulated CFSE-labeled spleen cells of B6 mice
that had previously been infected (40 days) with MoMSV. I-Ab-
Env tetramers stained a sizeable percentage of CD4� spleen cells
that had proliferated (i.e., were CFSElow) on day 6 after stimula-
tion with H19-Env peptide (Fig. 2A). Staining was found to be
specific, as these CD4�CFSElow cells did not stain with control
I-Ab tetramers that contained an influenza A/NT/60/68 virus-de-
rived peptide (NP413–435, SVQRNLPFDKPTIMAAFTGNT) (36).
Furthermore, after restimulation in the absence of the MoMSV
Env-derived CD4� T cell epitope, little to no I-Ab-Env tetramer�

T cells were detected within the CD4�CFSElow population.
We subsequently tested the ability of the I-Ab-Env tetramer to

detect Ag-specific T cells directly ex vivo. To this purpose, organs
of MoMSV-infected mice were isolated on day 14 postinfection,
and cell suspensions were stained with I-Ab-Env tetramers, anti-
CD4, and phenotypic markers (Fig. 2B, shown for the 1B11 acti-
vation marker; see below). Low but detectable frequencies of I-Ab-
Env tetramer� CD4� T cells are observed in the DLNs, spleen,
and lesions of MoMSV-infected mice (average: 0.29, 0.50, and
1.09%, respectively) (Fig. 2B). Much lower levels of staining are
observed in organs of both noninfected mice (average, 0.02 �
0.01) and mice infected with the influenza A/NT/60/68 virus (av-
erage, 0.03 � 0.01%) (Fig. 2B). Vice versa, CD4� T cells of
MoMSV-infected mice did not stain with control I-Ab tetramers
containing the influenza A NP-derived peptide (data not shown).

Detection of MoMSV-specific CD8� T cell immunity using MHC
class I tetramers containing an altered peptide

Previously, Chen et al. (37) described the immunodominant CD8�

T cell epitope of the FMR family of retroviruses (the H-2Db-re-
stricted MoMSV GagL85–93 epitope, CCLCLTVFL). This H-2Db-
restricted epitope contains three cysteine residues that preclude the
formation of MHC tetramers by their strong propensity to form
disulfide-bonded dimers. To circumvent the problems associated
with the inherent reactivity of this cysteine-rich epitope, we gen-
erated a set of variant peptides in which individual amino acids
were replaced by the isosteric amino acid �-aminobutyric acid.
Screening of variant peptides for their ability to induce IFN-� se-
cretion in CD8� T cells of MoMSV-infected mice by intracellular
IFN-� staining reveals that an H-2Db-restricted MoMSV
GagL85–93 epitope variant in which all three cysteine residues were
substituted by �-aminobutyric acid is recognized efficiently (data

FIGURE 1. CD4� T cell-dependent regression of MoMSV-induced tu-
mors. Mice were either left untreated (left panel) or injected i.p. with 100
�g of anti-CD8 Ab (2.43) (middle panel) or anti-CD4 Ab (GK1.5) (right
panel) in 0.2 ml of PBS on days 0, 3, and 7. On day 0, mice were infected
with MoMSV. Mice were monitored for thigh muscle size using a caliper
measuring two perpendicular diameters. Each line represents one individ-
ual mouse. Animals were sacrificed when severely ill.
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not shown). Db-tetramers can readily be produced with this triple-
substituted epitope (GagL*, Abu-Abu-Leu-Abu-Leu-Thr-Val-Phe-
Leu), and these Db-GagL* tetramers were used to stain lympho-
cyte populations of MoMSV-infected mice at day 14 postinfection
(Fig. 3). Db-GagL* tetramers stain a high percentage of CD8� T
cells in all organs analyzed (average: 4.29, 6.16, and 13.48% in
DLNs, spleen, and lesion, respectively). In contrast, only low lev-
els of staining are observed in noninfected mice and in mice in-
fected with influenza A/NT/60/68 virus (average, 0.16 � 0.14)
(Fig. 3).

Phenotype of MoMSV-specific CD8� and CD4� T cells

The ability to visualize the immunodominant CD4� T cell and
CD8� T cell responses within a single infection model allows the
direct comparison of CD4� and CD8� T cell immunity, with re-
spect to features such as phenotype, distribution, and kinetics. Both
Ag-specific CD4� and CD8� T cells were found to display a phe-
notype characteristic for effector and memory T cells, as defined
by low to absent expression of CD62L and high expression of
CD44 (Table I). No clear differences were found in the expression
of T cell activation markers on the Ag-specific CD4� or CD8� T
cells isolated from different organs of MoMSV-infected mice. In-
terestingly, both the Ag-specific CD4� and CD8� T cells, defined
by MHC tetramer staining, were found to react with the Ab 1B11.

The 1B11 Ab has been described to recognize an activation-asso-
ciated isoform of CD43 (38), which was recently found to be up-
regulated on effector CD8� T cells but absent on memory CD8�

T cells, defining it as a marker for effector phase CD8� T cells
(39). The finding that MoMSV-specific CD4� T cells, isolated
from MoMSV-infected mice, also express 1B11 suggests that this
marker may not only be used to detect effector CD8� T cells, but
also to define effector CD4� T cells. The observation that �50%
(range, 28–93%) of the CD4� T cells present within the lesion
expresses 1B11 at the peak of infection is consistent with this
notion (Fig. 2B).

Function of MoMSV-specific CD8� and CD4� T cells

To determine whether the T cell responses detected by I-Ab-Env
and Db-GagL* tetramer staining correlated with Ag-induced cyto-
kine responses, tissue samples of MoMSV-infected mice were
stained separately with tetramers or with anti-IFN-� Ab upon spe-
cific in vitro stimulation (Fig. 4) (combined MHC tetramer stain-
ing/intracellular cytokine staining is made impossible by Ag-in-
duced TCR down-regulation). In the majority of organs containing
a significant percentage of Ag-specific cells as determined by tet-
ramer staining, Ag-specific IFN-� staining was likewise detected.

FIGURE 2. Detection of MoMSV-specific CD4� T cells. A, Purified
spleen cells of mice previously infected (40 days) with MoMSV were
labeled with CFSE and stimulated with or without H19-Env peptide. On
day 6 after stimulation, cells were stained with anti-CD4 Ab and COS-7-
expressed I-Ab-Env tetramer or the I-Ab tetramer containing the A/NT/
60/68 NP413–435 epitope and were analyzed by flow cytometry. Cells are
gated on live CD4� lymphocytes. B, Representative FACS profiles of cells
from inguinal draining lymph node (DLN), spleen, and lesion (tumor upon
MoMSV infection, lung upon influenza A/NT/60/68 infection), either 14
days postinfection with MoMSV or 8 days postinfection with influenza
A/NT/60/68 virus (25 hemagglutinating units (HAU)), stained with anti-
CD4 Ab, 1B11 Ab, and Drosophila-expressed I-Ab-Env tetramer. Cells are
gated on live CD4� lymphocytes.

FIGURE 3. Detection of MoMSV-specific CD8� T cells. Representa-
tive FACS profiles of cells from DLN, spleen, and lesion (tumor upon
MoMSV infection, lung upon influenza A/NT/60/68 infection) isolated ei-
ther 14 days postinfection with MoMSV or 8 days postinfection with in-
fluenza A/NT/60/68 virus (25 HAU), stained with anti-CD8 Ab, Db-GagL*
tetramer, and 1B11 Ab. Cells are gated on live CD8� lymphocytes.

Table I. Phenotype of MoMSV-specific CD4� and CD8� T cellsa

Marker Site CD8�Db-GagL*� CD4�I-Ab-Env�

1B11 DLN 85 � 10 82 � 6
Spleen 95 � 3 76 � 16
Lesion 84 � 16 95 � 6

CD62L DLN 26 � 11 11 � 6
Spleen 5 � 7 7 � 1
Lesion 5 � 7 7 � 4

CD44 DLN 90 � 8 96 � 3
Spleen 99 � 1 94 � 1
Lesion 94 � 5 92 � 13

a Isolated inguinal DLN, spleen, and lesion cells of mice 14 days postinfection
with MoMSV were stained with either anti-CD8 Ab and Db-GagL* tetramers or
anti-CD4 Ab and Drosophila-expressed I-Ab-Env tetramers, together with FITC-la-
beled 1B11 Ab, anti-CD62L Ab, or anti-CD44 Ab. Percentages (average � SD) of
marker-positive cells within the I-Ab-Env tetramer�CD4� T cell and Db-GagL*
tetramer�CD8� T cell population are shown. Data are representative for two inde-
pendent experiments (n 	 5, n 	 3). On average, 46, 22, and 12 CD4�I-Ab-Env�

cells and 120, 358, and 626 CD8�Db-GagL*� cells were counted for DLN, spleen,
and lesion, respectively.
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In both the CD4� and CD8� T cell compartment, the frequency of
tetramer� cells was generally higher than the frequency of Ag-
specific cells as revealed by IFN-� production (on average two-
fold). Interestingly, Ag-specific CD8� T cells in the DLN appear
less capable of producing IFN-� (Fig. 4B), possibly indicating that
these cells may not have fully differentiated into IFN-�-producing
cells. Further analysis of the cytokine profile of the MoMSV Env-
specific CD4� T cell response by intracellular cytokine staining
revealed a Th1 phenotype, as manifested by the production of
TNF-�, IL-2, and GM-CSF, but not IL-10 and IL-4 (data not
shown).

Kinetics of the MoMSV-specific CD8� and CD4� T cell
response

We subsequently compared the kinetics and distribution of the
MoMSV-specific CD4� and CD8� T cell response during primary

MoMSV infection. Early in the response (day 10 postinfection),
comparable percentages of MoMSV-specific CD4� T cells
(1.12%) and MoMSV-specific CD8� T cells (0.71%) are detected
at site of infection (Fig. 5A). Subsequently, the MoMSV-specific
CD8� T cell response increases dramatically, whereas the
MoMSV-specific CD4� T cell response is either constant or de-
creases slightly (22.25 and 0.72%, respectively, on day 17). To
quantify this shift in T cell immunity, the absolute numbers of
MoMSV-specific CD4� and CD8� T cells were determined at
different time points after infection (Fig. 5B). At day 10 after in-
fection, the lesion contains comparable numbers of MoMSV-spe-
cific CD4� T cells (5.9 � 103) and CD8� T cells (8.4 � 103).
Subsequently, the expansion of MoMSV-specific CD8� T cells
outpaces that of MoMSV-specific CD4� T cells, and at day 14
GagL-specific CD8� T cells outnumber Env-specific CD4� T
cells by �75-fold.

A comparable shift in both frequency and absolute numbers of
MoMSV-specific CD4� and CD8� T cells appears to take place in
DLN and spleen (Fig. 5). Although the frequencies/absolute num-
bers of Ag-specific CD4� and CD8� T cells at day 10 after in-
fection are too close to background levels in these organs to ac-
curately determine the relative contribution of the different subsets
at this early time point, similar numbers of Ag-specific CD4� and
CD8� T cells appear present at both sites. In contrast, at day 14
postinfection, GagL-specific CD8� T cells outnumber Env-spe-
cific CD4� T cells by �23- and 34-fold in DLN and spleen, re-
spectively. Collectively, these data show a shift from combined
CD4� and CD8� T cell immunity early in the MoMSV-specific T
cell response, toward a T cell response that is dominated by CD8�

T cells at the peak of infection (Fig. 5C).

A dual role for CD4� T cells in the regression of MoMSV-
induced sarcomas

Prior studies have shown that CD4� T cells provide stimulatory
signals in the generation of Ag-specific CD8� T cell responses (3,
40–44). To test whether the generation of Ag-specific cytotoxic T
cell responses after MoMSV infection is also dependent on CD4�

T cells, we examined the MoMSV-specific CD8� T cell response
in mice lacking CD4� T cells. CD4 depletion leads to a reduction
in the number of GagL*-tetramer� CD8� T cells in the DLN and
spleen at both day 10 and day 14 after MoMSV infection (day 14,
63 and 53%, p 	 0.005 and 0.08, respectively; Fig. 6). Likewise,
reduced numbers of GagL*-tetramer� CD8� T cells are detected
in DLN and spleen of MHCII
/
 mice (day 14, 81 and 72%, p 	
0.04 and 0.01, respectively; data not shown). In addition, CD4
depletion leads to a reduction in the number of GagL*-tetramer�

CD8� T cells in lesions of CD4-depleted mice at day 10 after
MoMSV infection (84%, p 	 0.01, data not shown). Collectively,
these data indicate that CD4� cells contribute significantly to the
generation of the MoMSV-specific CD8� T cell response upon
viral infection. In contrast to the reduction in GagL*-tetramer�

CD8� T cells early in the response, the number of Ag-specific
CD8� cells in the muscle of CD4-depleted mice is increased at day
14 after MoMSV infection (3-fold, p 	 0.01; Fig. 6), possibly as
a consequence of increased viral load in lesions of CD4-depleted
mice. Immunohistochemical analysis suggests that these CD8� T
cells may not have infiltrated the infected tissue in CD4-depleted
mice (see below).

CD4� T cell immunity is indispensable for the regression of
MoMSV-induced lesions. Although CD8� T cell immunity con-
tributes to viral clearance, it is not essential. It is therefore apparent
that there must be an additional role(s) for Ag-specific CD4� T
cell immunity in sarcoma regression, besides controlling the mag-
nitude of the Ag-specific CD8� T cell response. In particular, the

FIGURE 4. Correlation of tetramer� and IFN-�� T cell responses. Puri-
fied DLN (diamonds), spleen (squares), and lesion (triangles) cells of mice
(n 	 5) 17 days postinfection with MoMSV were stained with anti-CD4 Ab
and Drosophila-expressed I-Ab-Env or anti-CD8 Ab and Db-GagL* tetramers.
In parallel, cell suspensions from the same tissue samples were stimulated for
4 h at 37°C in the presence of 10 U/ml IL-2 and H19-Env peptide, GagL*
peptide, or no peptide and were subsequently stained for CD4/CD8 and intra-
cellular IFN-� expression. H19-Env/GagL*-specific IFN-� staining was de-
termined by subtracting the background IFN-� staining (IFN-� staining after
stimulation in the absence of peptide) from the IFN-� staining after specific
stimulation with peptide. Data show the percentage of tetramer-positive cells
within the CD4�CD8� T cell compartment vs peptide-specific IFN-� staining
within the CD4�CD8� T cell compartment.
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finding that significant numbers of Ag-specific CD4� T cells ac-
cumulate within the lesion early during infection suggests a second
possible role for CD4� T cell immunity at this site. Ag-specific
CD4� T cells within the lesion could mediate direct antiviral ef-
fects, as has been described for the related Friend virus (45). Al-
ternatively, these cells might promote tumor regression by “con-
ditioning” of the effector site through the secretion of cytokines or
through cell-cell interactions.

Previous studies have provided evidence for an IFN-�-mediated
effect of CD4� T cells on macrophage function (5), and large
numbers of cytotoxic macrophages are present in regressing FMR-
induced tumors (16–18, 46–48). To study a possible role of CD4�

T cells on the infiltrate of MoMSV-induced lesions, we performed
immunohistochemistry (IHC) on lesions of normal and CD4-de-
pleted MoMSV-infected mice. Sections of infected muscle tissue
before onset of regression were stained with anti-CD8 and F4/80
Abs to reveal cytotoxic T cells and macrophages. In addition, sec-
tions were stained with anti-I-Ab Ab, as activation and maturation
of macrophages are known to be associated with the up-regulation
of MHC class II expression. MoMSV-infected muscle tissue is
characterized by significant numbers of CD8-positive cells (Fig.
7A). In addition, very high numbers of F4/80-positive cells are
found, in line with previous reports showing that macrophages are

FIGURE 5. Kinetics of MoMSV-specific CD4� and CD8� T cell re-
sponses. Mice were infected i.m. with MoMSV virus and sacrificed at day
10, 14, 17, or 21 postinfection. Cells from DLN, spleen, and lesion were
isolated and stained with either Drosophila-expressed I-Ab-Env tetramer/
anti-CD4 Ab or Db-GagL* tetramer/anti-CD8 Ab and were analyzed by
flow cytometry. A, The percentage (average � SD) of I-Ab-Env tetramer-
positive cells within the CD4� lymphocyte population and Db-GagL* tet-
ramer-positive cells within the CD8� lymphocyte population are depicted.
Cells from mediastinal lymph nodes, spleen, and lung of mice on day 8
post-influenza A/NT/60/68 virus infection (25 HAU) showed on average
0.14 � 0.10% I-Ab-Env tetramer� and 0.10 � 0.08% Db-GagL* tetramer�

cells within the CD4� and CD8� T lymphocyte population, respectively.
n 	 6–7/group; ND 	 not determined. A significant difference in the
kinetics of the percentage of tetramer positive CD4� and CD8� T cells was
found for all organs analyzed (p � 0.001). The median relative increase in
the frequency of GagL-specific CD8� vs Env-specific CD4� T cells be-

FIGURE 6. CD4-dependent Ag-specific CD8� T cell response in
MoMSV-infected mice. Mice were either left untreated or injected i.p. with
100 �g of anti-CD4 Ab (GK1.5) in 0.2 ml PBS every 2–3 days for the
duration of the experiment (n 	 3 per group). On day 0, mice were infected
with MoMSV virus, and at day 14 post infection, cells from DLN, spleen,
and lesion were isolated and stained with allophycocyanin-labeled Db-
GagL* tetramer and anti-CD8 Ab and were analyzed by flow cytometry.
The absolute numbers (average � SD) of CD8�Db-GagL* tetramer-posi-
tive cells are shown.

tween day 10 and day 14 is 5.1, 8.8, and 18.8; 95% confidence intervals
1.14–22.6, 4.1–18.9, 8.3–42.8 for DLN, spleen, and lesion, respectively.
B, Absolute numbers of CD4�I-Ab-Env tetramer-positive cells and
CD8�Db-GagL* tetramer-positive cells were calculated from the total
number of cells recovered. Averages � SD are depicted. A significant
difference in kinetics of the absolute number of tetramer-positive CD4�

and CD8� T cells was found for all organs analyzed (p � 0.002). The
median relative increase in the absolute number of GagL-specific CD8� T
vs Env-specific CD4� T cells between day 10 and day 14 is 5.1, 11.3, and
31.6; 95% confidence intervals 1.21–21.8, 4.5–28.7, and 12.8–78.1 for
DLNs, spleen, and lesion respectively. C, Shift in MoMSV-specific T cell
immunity during sarcoma regression. Bars represent the ratio of CD8�Db-
GagL* tetramer� cells/CD4�I-Ab-Env tetramer� cells in the lesion at the
indicated time points, as determined from the absolute numbers of MHC
class I and MHC class II tetramer-positive cells.
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abundantly present within MoMSV-induced sarcomas (Fig. 7C)
(16–18).

CD4 depletion results in a decreased infiltration of cells positive
for the macrophage marker F4/80 in the lesion (Fig. 7, C and D).
Infiltration of cells that express the dendritic cell marker CD11c or
the granulocyte marker Gr1 does not appear decreased signifi-
cantly (data not shown). In IHC sections of CD4-depleted mice
there is a significant reduction of CD8� cells (Fig. 7, A and B),
even at a time point at which CD8� numbers as measured by flow
cytometry are increased. This difference between CD8� cell infil-
tration as measured by flow cytometry and IHC is consistently
observed in multiple experiments and may suggest an altered dis-
tribution of the CD8� T cells in lesions of CD4-depleted mice.
Further analysis will be required to resolve this issue. Most strik-
ingly, a dramatic reduction in the number of cells expressing MHC
class II is observed in sarcomas of CD4-depleted mice (Fig. 7, E
and F). To study which cells express MHC class II in the lesions
and how this is affected by CD4 depletion, sections of MoMSV-
induced sarcomas were simultaneously stained with F4/80 and anti-
I-Ab Ab (Fig. 7, G and H). In MoMSV-induced lesions of control
mice, colocalization of MHC class II and F4/80 dominates, indi-
cating that most of the MHC class II-expressing cells within the
lesion are macrophages and that most of the macrophages within
the lesion are activated. In CD4-depleted mice, the picture is strik-
ingly different. Although single positive cells (i.e., F4/80�MHC
II
 and F4/80
MHC II�) are still present, there is a very strong
reduction in the number of activated, MHC II� macrophages. Be-
cause only few B220� cells and significant numbers of CD11c�

cells are found in the lesion (data not shown), the remaining (F4/
80
) MHC II� cells are most likely dendritic cells, the accumu-
lation of which appears less dependent on CD4� T cells. Collec-
tively, these data indicate that CD4� T cell immunity contributes
to the infiltration/accumulation of immune cells and in particular
the accumulation and activation of macrophages at the effector site
during MoMSV infection.

Discussion
Here we use MHC class II tetramers to characterize the distribu-
tion and kinetics of the CD4� T cell response against the onco-
retrovirus MoMSV and compare this response with the CD8� T
cell response. Low but detectable numbers of I-Ab-Env tetramer-
positive CD4� T cells are present in the DLNs of MoMSV-in-
fected mice. In addition, sizeable numbers of Ag-specific CD4� T
cells are detected within lesions of MoMSV-infected mice (Fig.
5A). In organs containing a significant percentage of I-Ab-Env
tetramer�CD4� cells, MoMSV Env-specific IFN-� staining was
likewise detected. The enrichment of (cytokine-producing) Ag-

specific CD4� T cells at the site of infection provides indirect
(numerical) support for the notion that provision of T cell help in
the draining lymphoid organ is only a single aspect of Ag-specific
CD4� T cell immunity (see below).

The majority of MoMSV-specific CD4� T cells detected by
MHC tetramer staining are of an effector/memory phenotype as
defined by the expression levels of CD62L and CD44. Interest-
ingly, a large fraction of Ag-specific CD4� T cells express the
1B11-reactive, activation-induced isoform of CD43 that was re-
cently shown to define effector CD8� T cell populations. Based on
these data it is plausible that the 1B11 marker can also be used to
define effector CD4� T cells, but formal proof for this will require
functional analysis of 1B11� and 1B11
 Ag-specific CD4� T
cells at different time points after infection. Although virtually all
MHC class I and MHC class II tetramer-positive cells were
1B11�, MHC tetramer� cells constituted only 1–2% and 9–16%
of the 1B11�CD4� and 1B11�CD8� T cells, respectively. This is
unlikely to be a result of the presence of large numbers of Ag-
specific T cells that are directed against other MoMSV-derived
epitopes, as the epitopes used in this study have been previously
characterized as the immunodominant epitopes in the T cell re-
sponse against FMR retroviruses (Ref. 37 and F. Ossendorp, un-
published data). The finding that MHC tetramer� cells constitute
only a minor fraction of activated (1B11�) cells might conceivably
be due to the lack of MHC tetramers to identify all Ag-specific
cells. In a number of viral infection systems, a failure of MHC
class I tetramers to identify all Ag-specific CD8� T cells has been
demonstrated, in particular in situations of high viral load (49, 50).
Likewise, it has previously been described for CD4� T cell clones
in a number of different systems that MHC class II tetramers con-
taining the antigenic peptide fail to stain a subset of (low-avidity)
Ag-specific hybridomas (10, 12). In line with this, we found that
I-Ab-Env tetramers do not bind to a previously characterized Env-
specific CD4� T cell clone (Ref. 24 and data not shown). How-
ever, the finding that MHC tetramers and intracellular cytokine
staining identify similar numbers of Ag-specific CD4� and CD8�

T cells argues against an underestimate of T cell responses as
measured by MHC tetramer staining. The 1B11� MHC tetramer-
negative T cell populations might consist of Ag-specific T cells
that have become refractory to both MHC tetramer staining and
Ag-specific cytokine production. Alternatively, they may consist
of bystander T (memory) cells activated by the inflammatory con-
ditions, two possible explanations that deserve further study.

Previously, Ag-specific CD4� T cell frequencies have been es-
timated by indirect enumeration, using limiting dilution assays,

FIGURE 7. Immunohistochemistry
of MoMSV-induced lesions of normal
B6 and CD4-depleted mice. At day 14
postinfection, lesions of untreated and
CD4-depleted C57BL/6 mice were iso-
lated, sectioned, and stained with anti-
CD8 (A and B), F4/80 (C and D), anti-
I-Ab (E and F), or anti-I-Ab and F4/80
Abs (G and H). G and H, Colored over-
lay of F4/80 expression (green) and
I-Ab expression (red). Coexpression
leads to an orange-yellow coloring.
Original magnifications, �200 (A–F)
and �400 (G and H). Pictures are rep-
resentative for seven individual mice in
each group.
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ELISPOT and intracellular cytokine staining. These studies sug-
gested that, as based on functional assays, the frequencies of Ag-
specific CD4� T cells are considerably lower than the frequencies
of Ag-specific CD8� T cells (8, 51, 52). Both the results by Ho-
mann et al. (15), which use tetramer technology to analyze the
LCMV-specific CD4� and CD8� T cell reponse, and the results
described here support the idea that the number of virus-specific
CD4� T cells are indeed considerably lower (�20–40) than the
number of virus-specific CD8� T cells.

The most striking observation from the comparison of the
epitope-specific CD4� and CD8� T cell responses is the pro-
nounced shift toward a CD8� T cell-dominated T cell response at
the site of infection. Early during MoMSV infection, the MoMSV-
specific T cell response at the effector site is of comparable size in
the CD4� and CD8� T cell compartment, whereas at later stages
of infection, GagL*-specific CD8� T cells outnumber Env-specific
CD4� T cells by 75-fold. Because these two epitopes appear im-
munodominant in the T cell response against FMR retroviruses
(Ref. 37 and F. Ossendorp, unpublished data), this likely reflects
the kinetics of the entire MoMSV-specific T cell response. In line
with this, a similar, albeit less dramatic, shift in the total CD4
1B11�:CD8 1B11� ratio is observed within the lesion during the
course of regression (CD4�1B11�:CD8�1B11� ratio day 10
1:3.5; CD4�1B11�:CD8�1B11� ratio day 14 1:9.4).

The shift toward a CD8� T cell-dominated T cell response dur-
ing the progression of MoMSV infection is unlikely to be a con-
sequence of differences in migration properties of MoMSV-spe-
cific CD4� and CD8� T cells as GagL-specific CD8� T cells
outnumber Env-specific CD4� T cells in all three organs analyzed
during the peak of the response. However, other intrinsic differ-
ences between CD4� and CD8� T cell responses may contribute
to the observed kinetic difference. Recently, Foulds et al. (53)
demonstrated that CD4� T cells are programmed to divide a lim-
ited number of times upon Ag exposure. In addition, Ag-specific
CD4� T cells may be more susceptible to apoptosis, as previously has
been suggested for memory CD4� T cells (15). Furthermore, encoun-
ter of high Ag concentrations can result in T cell anergy and concur-
rent loss of MHC class II tetramer binding in in vitro assays (54).

In addition to a possible contribution of such lineage-intrinsic
differences, pathogen-specific factors are likely to affect the kinet-
ics of Ag-specific CD4� and CD8� T cell immunity. Indeed, the
observation that a kinetic difference between primary CD4� and
CD8� T cell responses is not apparent during LCMV infection
(15) could indicate that pathogen-specific factors may exert an
overriding effect. Such pathogen-specific factors could include the
kinetics of epitope generation but also the precursor frequency of
the pathogen-reactive CD4� and CD8� T cell compartment. The
ability to mount an early CD4� T cell response may be essential
for the development of protective immunity against certain patho-
gens. Prior studies have revealed that I-Ab is a protective MHC
class II allele during FMR infection, and the current data suggest
that this may be a reflection of the rapid CD4� T cell response
against FMR Env-I-Ab complexes. Likewise, the ability to mount
an early CMV-specific CD4� T cell response appears to correlate
with a favorable clinical course during primary CMV infection in
transplant recipients (L. Gamadia, personal communication).

As has been previously shown in other models (3, 40–44),
CD4� T cells promote the generation of Ag-specific CD8� T cell
immunity during MoMSV infection. This role of CD4� T cells
might be mediated either via a direct effect of CD4� T cell-se-
creted cytokines/chemokines or through the licensing of APCs. A
second role for CD4� T cell immunity is suggested by the accu-
mulation of significant numbers of Ag-specific CD4� T cells
within the lesion early during infection. These CD4� cells con-

tribute to the inflammatory environment in the lesion by promoting
the accumulation of large numbers of macrophages and by medi-
ating the activation of these macrophages as revealed by MHC
class II expression, possibly through IFN-� secretion (5, 55–57).
Collectively, these data provide support for a central role of CD4�

T cell immunity both in the initiation of CD8� T cell immunity
and in the interplay between acquired and innate immunity. It will
be challenging to dissect the various facets of CD4� T cell im-
munity in human disease conditions associated with diminished
CD4� T cell counts, such as Epstein Barr virus� B cell lympho-
mas and cytomegalovirus disease.
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