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Mouse and human CD4 T cells primed during an immune response may differentiate into effector phenotypes such as Th1
(secreting IFN-�) or Th2 (secreting IL-4) that mediate effective immunity against different classes of pathogen. However, primed
CD4 T cells can also remain uncommitted, secreting IL-2 and chemokines, but not IFN-� or IL-4. We now show that human CD4
T cells primed by protein vaccines mostly secreted IL-2, but not IFN-�, whereas in the same individuals most CD4 T cells initially
primed by infection with live pathogens secreted IFN-�. We further demonstrate that many tetanus-specific IL-2�IFN-�� cells are
uncommitted and that a single IL-2�IFN-�� cell can differentiate into Th1 or Th2 phenotypes following in vitro stimulation under
appropriate polarizing conditions. In contrast, influenza-specific IL-2�IFN-�� CD4 cells maintained a Th1-like phenotype even
under Th2-polarizing conditions. Similarly, adoptively transferred OTII transgenic mouse T cells secreted mainly IL-2 after
priming with OVA in alum, but were biased toward IFN-� secretion when primed with the same OVA peptide presented as a
pathogen Ag during live infection. Thus, protein subunit vaccines may prime a unique subset of differentiated, but uncommitted
CD4 T cells that lack some of the functional properties of committed effectors induced by infection. This has implications for the
design of more effective vaccines against pathogens requiring strong CD4 effector T cell responses. The Journal of Immunology,
2006, 176: 1465–1473.

M any successful vaccines induce protective Ab re-
sponses, but certain diseases such as HIV/AIDS, tu-
berculosis, malaria, and cancer may need effector T

cells for efficient control. Due to the complexity of T cell effector
functions, it is therefore critical to understand the types of CD4 and
CD8 T cell responses induced by various vaccines.

CD4 T cells provide help for activation and Ab secretion by B
cells, help for generation and maintenance of CD8 T cell re-
sponses, and cytokines that recruit and activate other immune
cells. Within the CD4 T cell population are differentiated effector
phenotypes such as Th1 and Th2 that mediate effective immune
responses against intracellular pathogens and helminth parasites,
respectively. Additional effector phenotypes of CD4 T cells gen-
erated under varied antigenic stimulations have also been
described (1–4).

Although naive CD4 T cells can differentiate into these strong
effector phenotypes during immune responses, Ag stimulation may
also lead to the production of primed, but uncommitted (precursor)

mouse CD4 T cells (Thpp)3 (4, 5). These T cells, identified in vitro
and in vivo, produce IL-2 and several chemokines, but few of the
characteristic cytokines of Th1 or Th2 cells (6). Although these
primed, uncommitted T cells may not have strong effector func-
tions, they may constitute an expanded pool of Ag-specific T cells
that can attract other immune cells to the site of reaction and pro-
vide flexibility for future immune responses.

Similar cells may exist in humans. CD45RA� CCR7� central
memory T cells produced mainly IL-2 when first activated, and
this population included precursors of Th1 or Th2 cells (7). How-
ever, the linkage between expression of CCR7 and IL-2-secreting,
uncommitted cells is controversial (8–11), as many effector CD4 T
cells expressing IFN-� or IL-4 also express CCR7. Within the
CCR7� population, the CXCR5� subpopulation is enriched for
cells that secrete neither IFN-� nor IL-4 (9, 12). These CCR7�

CXCR5� cells include uncommitted cells (12) and may be equiv-
alent to mouse Thpp cells.

To investigate the type of antigenic stimulation that directs the
differentiation of CD4 T cells toward either uncommitted precur-
sors or effector (Th1-like) cells, we have now measured CD4 T cell
responses against Ags that were initially presented to the immune
system either as protein vaccines or during infections by live or-
ganisms. Comparing these responses within the same human sub-
jects, we found that vaccination with protein Ags generally in-
duced a CD4 T cell memory response biased toward the
production of IL-2, whereas responses primed by infection with
live organisms induced a Th1-like effector response biased toward
IFN-� secretion. We further demonstrate that a major subset of
tetanus-specific CD4 T cells (secreting IL-2, but not IFN-�) is
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uncommitted and can be polarized into either Th1 or Th2 cells
under appropriate culture conditions. In contrast, influenza-specific
cells, even those secreting only IL-2, were more committed to the
Th1 phenotype, even under Th2-polarizing conditions. We also
used a mouse TCR transgenic model to show that the difference
between these two responses was due to the way that the Ag was
presented to the immune system, not to differences in the epitope
or TCR. These findings have important implications for the design
of vaccines against infectious agents, particularly pathogens for
which a strong effector CD4 T cell response is required.

Materials and Methods
Sample collection and processing

Blood was obtained from 15 healthy donors under a protocol approved by
the University of Rochester Medical Center Research Subjects Review
Board. PBMC were isolated by Ficoll-Hypaque (Mediatech) density gra-
dient centrifugation. CD4� T cell enrichment was performed using the
Miltenyi CD4 negative selection kit, depleting CD8� T cells, NK cells,
monocytes, dendritic cells, granulocytes, platelets, and erythroid cells
(Miltenyi Biotec). The CD4� T cell purity was always �95% (CD8�

�0.2%, CD56� �0.2%).

ELISPOT assay

Ninety-six-well plates with a polyvinylidene difluoride filter base (Multi
Screen Immobilon-P; Millipore) were coated with anti-human CD19 (clone
HIB19; BD Biosciences for B cell capture) and anti-human cytokine (IL-2,
R&D Systems; IFN-� (1D1-K), Mabtech) Abs (for ELISPOT detection).
For the IL-4 plus IL-5 ELISPOT assay, the wells were coated with the
anti-CD19 Ab, anti-human IL-4 (clone IL-4-I; Mabtech), and anti-human
IL-5 (clone TRFK5; BD Biosciences). Following a 2-h incubation, the
plates were washed with RPMI 1640 (Mediatech) plus 8% FBS (HyClone)
and antibiotic-antimycotic (Invitrogen Life Technologies). To provide
APC, 2–3 � 105 PBMC were added to each well, and the plates were
incubated at 37°C for 90 min to allow spontaneous adherence of monocytes
and anti-CD19-mediated adherence of B cells. The plates were then
washed with medium to remove the nonadherent cells. This method im-
proved the linearity of ELISPOT numbers with dilution of responding cells
(A. Divekar and T. Mosmann, unpublished observations). CD4� T cell-
enriched populations (3 � 105 and 1 � 105 cells/well) were added to the
wells, with Ags, including tetanus toxoid (1:500; Cylex), 10 �g/ml diph-
theria toxoid (List Biological Laboratories), 10 �g/ml hepatitis B Ag (Al-
devron), inactivated mumps virus 1:50 (Cylex), 10 �g/ml mycobacterial
product purified protein derivative (PPD; Statens Serum Institut), 5 �g/ml
inactivated influenza virus H3N2 X31 (A/Aichi/68) (Charles River Spafas),
and 10 �g/ml respiratory syncytial virus (RSV) protein F and G (gift from
E. Walsh, Department of Medicine, University of Rochester, Rochester,
NY). For some of the subjects, RSV responses were tested using inacti-
vated RSV lysate (BioDesign). Plates were incubated at 37°C for 24 h and
then washed with PBS-Tween 20 (0.1%), and biotinylated anti-human IL-2
(1:60) (R&D Systems), IFN-� (clone 7B6-1; Mabtech), biotin anti-human
IL-4 (clone IL-4-II; Mabtech), or IL-5 (JES1-5A10; BD Biosciences) was
added, followed by streptavidin alkaline phosphatase (1:1000) (Jackson
ImmunoResearch Laboratories), and the assay was developed with the
Vector AP substrate kit (Vector Laboratories). Once spots were clearly
visible, the plates were washed with water to stop the reaction. The spots
were counted on the Immunospot Analyzer (CTL Analyzers LLC).

Fluorospot assay

This assay was modified from the method described by Gazagne et al. (13).
Cells and Ags were set up, as described above for the ELISPOT, except
that anti-human CD19, anti-human IL-2 (BD Biosciences), and anti-human
IFN-� (Mabtech) coating Abs were included together in each well. After
overnight incubation, the Fluorospot plates were washed and developed
using a biotinylated anti-human IL-2 Ab (1:100) (BD Biosciences) and
streptavidin-Cy3 (1 �g/ml) (Molecular Probes). IFN-� spots were devel-
oped using FITC-conjugated anti-human IFN-� Ab (1 �g/ml) (Mabtech),
followed by an Alexa488-conjugated anti-FITC Ab (5 �g/ml) (Molecular
Probes). The plates were dried, and individual wells were photographed
under a fluorescent microscope.

Intracellular staining of human PBMC

Human PBMC were stimulated with medium alone, tetanus toxoid, or in-
activated influenza virus with anti-human CD28 (BD Biosciences) co-

stimulation for 6 h (last 4 h with Golgi Plug) (BD Biosciences). The cells
were stained for surface markers CD4 and CD45RO and then fixed and
permeabilized using Fix-Perm (BD Biosciences). Anti-human IL-2 APC
and anti-human IFN-� FITC were used to detect IL-2 and IFN-� producers,
respectively. Two million events were collected for all the samples on an
LSRII flow cytometer (BD Biosciences), and data were analyzed using
CellQuest (BD Biosciences).

IL-2 and IFN-� single cell secretion assay

Human naive cells were removed by depleting PBMC using anti-CD45RA
beads (Miltenyi Biotec), and IL-2- and IFN-�-secreting cells were detected
using the Miltenyi IL-2 enrichment and IFN-� detection kit (Miltenyi Bio-
tec). Briefly, CD45RA-depleted PBMC were stimulated with tetanus tox-
oid or inactivated influenza virus at 37°C for 16 h. The cells were harvested
and then incubated with appropriate amounts of IL-2 and IFN-� catch
reagent for 5 min on ice. The cells were then resuspended in warm medium
and incubated at 37°C for 45 min with intermittent mixing. The cells were
washed, stained with anti-human IL-2 PE and anti-human IFN-� FITC
reagents, and incubated at 4–8°C for 10 min. The secreted cytokines (IL-2
and/or IFN �) bound to the catch reagent were detected with anti-human
IL-2 PE and anti-human IFN-� FITC Abs. The cells were washed and
enriched using anti-PE microbeads. Following two cycles of enrichment on
magnetic columns, the cells were stained with anti-human CD4 CyChrome
(clone RPA-T4; BD Biosciences), and IL-2�IFN-�� CD4� T cells were
sorted on the FACSVantage (BD Biosciences) or the Epics Coulter (for
single cell cloning experiments) or FACSAria (BD Biosciences) and stim-
ulated under Th1- and Th2-polarizing conditions.

Th1 and Th2 culture conditions

Five purified IL-2-secreting CD4 T cells/well were cultured in the presence
of tetanus toxoid (1:500) or inactivated influenza (10 �g/ml) in Th1 or Th2
conditions with irradiated (10,000 rad) autologous B cells (produced by
culturing autologous B cells in the presence of CD40 ligand-transfected
mouse fibroblasts and IL-4 (14)). Th1 conditions included 2 ng/ml recom-
binant human IL-12 (BD Biosciences) and anti-human IL-4 (2 �g/ml)
(eBiosciences), whereas Th2 conditions included 40 ng/ml recombinant
human IL-4 (Schering-Plough) and anti-human IL-12 (2 �g/ml). After 3
days, 1 ng/ml human rIL-2 (Chiron) was added to each well, and the cells
were grown for another 4 days, followed by a second round of stimulation.

For single cell cloning experiments, a single IL-2�IFN-�� cell was
deposited per well of a 96-well round-bottom tray. The cells were grown
under nonpolarizing conditions: recombinant human IL-2 (1 ng/ml) and
anti-human IL-12 (clone 20C2, 10 �g/ml) and anti-human IL-4 (eBio-
sciences; 10 �g/ml) for 5–6 days. Aliquots of each clone were then cul-
tured for another 10 days in Th1 or Th2 conditions and tested for IFN-�,
IL-4, and IL-5 production.

TCR typing and sequencing

To confirm the clonality of the Th1 and Th2 aliquots of a single well, we
performed PCR analysis of the Th1 and Th2 clone (15), followed by pu-
rification, cloning (TOPO cloning kit; Invitrogen Life Technologies), and
sequencing (Northwoods DNA).

Mice and Ags

OTII/CD45.1 transgenic mice (recognizing the OVA peptide 323–339)
were bred in our facility, and C57BL/6 mice were purchased from Jackson
ImmunoResearch Laboratories. A total of 1 � 105 CD4�CD44low

CD62Lhigh naive OTII transgenic T cells was transferred i.p. into C57BL/6
mice. Twenty-four hours later, the mice were immunized i.p. with PBS
plus alum, PBS plus OVA (50 �g), OVA plus alum (50 �g), i.v. with 1 �
105 recombinant Listeria monocytogenes expressing OVA (rLM-OVA), or
intranasally with a recombinant influenza virus expressing OVA (WSN-
OVAII). The rLM-OVA strain of L. monocytogenes contains a chromo-
somally integrated cassette encoding truncated OVA (aa 143–378) (16).
The OVA sequence is fused to the virulence gene (hly) promoter and signal
sequence, which control expression and secretion of OVA. The influenza
virus (WSN-OVAII) is a recombinant of the parent H1N1 A/WSN/33 in-
fluenza virus. The OVA epitope (323–339) is inserted into aa 42–59 of the
neuraminidase, making the neuraminidase 7 aa longer.

Intracellular staining

Mice were sacrificed and spleens were harvested on day 11 postimmuni-
zation. Spleens were processed into a single cell suspension, red cells were
lysed, and splenocytes were stimulated with 10 �M MHCII OVA peptide
ISQAVHAAHAEINEAGR. After 12 h in the presence of monensin, the
cells were stained with CD45.1 CyChrome (clone A20; BD Biosciences)
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and CD4 APC (clone RM4-5; BD Biosciences), fixed with 2% parafor-
maldehyde, and stained with IFN-� PE (clone XMG1.2; BD Biosciences)
and IL-2 Alexa488 (clone JES6-5H4; BD Biosciences). Cells were ana-
lyzed on a FACSCalibur flow cytometer (BD Biosciences). Numbers of
IL-2- or IFN-�-expressing cells were measured in the CD4�CD45.1� TCR
transgenic T cell population.

Statistical analysis

Significance of individual Ag responses relative to the background was
evaluated by the Mann-Whitney U test. The means of IL-2 and IFN-�
frequencies were also compared between the vaccine-primed and infection-
primed groups. The means of triplicate background values (no Ag) were
subtracted from individual Ag-stimulated IL-2 and IFN-� responses for
each subject. Linear regression analysis was used to study the relationship
between the IL-2 and IFN-� responses for each Ag group. Significance of
correlation between the IL-2 and IFN-� responses was examined by the t
test. A regression model Y � bX � e was fitted, where X is the mean IL-2
response and Y the mean IFN-� response to a given Ag. All ANOVA
comparisons of the means were based on the F test and tested the signif-
icance of difference in the means, but did not test the magnitude of the
difference.

Results
Vaccination and infection history of subjects

To compare immune responses initially induced by either natural
infection or vaccination with protein vaccines, we analyzed IFN-�
and IL-2 responses in normal individuals against several common
infections or vaccines. Fifteen healthy subjects (10 females and 5
males) between the ages of 23 and 52 years were enrolled in this
study (Table I). All of the subjects had been vaccinated against
diphtheria, and all had been boosted against tetanus one or more
times within the past 10 years. Three subjects had not received a
hepatitis B vaccine; one individual was primed, but not boosted;
and the rest had received the complete vaccination series as adults.
Thus, most of the subjects had been primed against tetanus, diph-
theria, and hepatitis B by protein subunit vaccines. In contrast, four
other recall responses were initially primed mainly by live infec-
tions. Seven subjects had been vaccinated against influenza in the
previous year, but none of the subjects had been vaccinated in
early childhood. As the incidence of influenza infection is 5–20%
per year, most or all would have been primed by infection before
adult vaccination. Two of the fifteen individuals had been vacci-
nated with live bacillus Calmette-Guerin, and additional subjects
may have been primed by subclinical infection with cross-reactive
mycobacteria (17–19). Thirteen of the individuals received live,

attenuated mumps vaccine in childhood, and the other two had a
history of mumps infection. All of the RSV responses were primed
by natural infection because no RSV vaccine is available. To focus
on CD4 T cell responses, we depleted other cell types from PBMC
(�0.2% of either CD8� or CD56� cells remaining) and then stim-
ulated these cells with recall Ags in the presence of adherent
PBMC as APC in vitro. Fig. 1 shows the detailed responses of one
individual, and Fig. 2 summarizes the responses of all subjects.

IL-2 and IFN-� responses to protein Ag immunizations

To analyze T cell responses that had initially been primed by pro-
tein Ags, the CD4 T cell-enriched population was stimulated with
tetanus, diphtheria, and hepatitis B Ags in ELISPOT assays. Sub-
stantial IL-2 and IFN-� responses were detected in several of the
subjects (Figs. 1 and 2). IL-5 responses to tetanus were also de-
tected occasionally, but at much lower levels than IL-2 or IFN-�
responses (mean 10 spots/million CD4 T cells, range 5–15). In six
additional subjects, the average ratio of IL-2-secreting cells to IL-
4/IL-5-secreting cells was 9.9 (data not shown). In 10 of the 15
subjects in the present study, more cells secreted IL-2 than IFN-�
in response to in vitro tetanus stimulation. Nine of the 15 subjects
had significantly higher IL-2 than IFN-� responses to in vitro hep-
atitis B stimulation. Although not all subjects responded to diph-
theria toxoid, the majority of the responding subjects also had
higher IL-2 than IFN-� responses to this Ag. ANOVA analysis of
the three protein Ags considered as a group showed that the net
number of IL-2 producers was significantly greater than the num-
ber of IFN-� producers ( p � 0.02). Considering the three Ags
individually, the tetanus and hepatitis B responses showed signif-
icantly more IL-2 than IFN-� spots, while the diphtheria response,
although showing the same trend, did not reach significance on its
own. For the combined protein Ag vaccination group, the fitted
regression model showed a significant correlation between IL-2
and IFN-� levels ( p � 0.0001) with a slope of 0.33 (95% confi-
dence limits 0.3–0.6).

Cytokine responses primed by live immunization/infection

To investigate the cytokine responses that had initially been
primed by live infection, CD4-enriched T cells were stimulated in
vitro with Ag preparations from Mycobacterium tuberculosis,
mumps virus, RSV, and influenza virus. Protein Ags or killed virus

Table I. Patient demographics

Subject No. Age Sex

Vaccination History

Tetanus Diphtheria Hepatitis B Mumps Bacillus Calmette-Guérin Influenza

494 52 Female Yes Yes 1 of 3 Infection (no
vaccination)

Not sure 2003

497 23 Female 1999 booster �10 years 2001 1999 1994 2003
499 33 Male �10 years Yes 1993 1998 1982 No
501 24 Female 1994 booster Infancy 1997/2001 Infancy No 2003
503 33 Male 2003 booster Yes Yes Infection (no

vaccination)
No No

505 37 Female Yes Infancy No Infancy No 2003
508 25 Male 2000 booster Infancy 2001 Infancy No No
509 29 Female 2003 booster Infancy 1993 Infancy No 2003
511 29 Male 2000 booster Infancy 1991 2000 No No
834 21 Female 2002 booster Infancy No Infancy No No
835 25 Male Infancy Infancy 2003 Infancy No No
837 23 Female Infancy Infancy 1999 Infancy No No
838 27 Female 1998 booster Infancy No Infancy No No
839 36 Female 2000 booster Infancy 2003 Infancy No 2005
840 46 Female 2004 booster Infancy 2000 2000 No 2004
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were used rather than live organisms, to minimize potential inter-
ference with Ag-presenting function or cytokine responses by
pathogen defense mechanisms. Strong IFN-� and IL-2 responses
were induced by these Ags in most subjects. IL-4 and IL-5 re-
sponses to RSV and influenza Ags are normally undetectable
(�10/million PBMC) in memory responses, and thus are at least
10-fold lower than the IL-2 and IFN-� responses (20). For all four
Ags against which the immune system was initially primed by
infection, the net IFN-� response was higher than the IL-2 re-
sponse in the majority of the subjects for each Ag separately, and
for the group of Ags considered together ( p � 0.0001 by ANOVA
analysis). Linear regression analysis showed a significant correla-
tion between IL-2 and IFN-� responses primed by infection ( p �
0.0001), with a significantly higher proportion of IFN-�-producing
cells (slope of 2.25, 95% confidence limits 2–2.5). The IL-2 vs
IFN-� responses of the seven subjects vaccinated as adults against
influenza were not significantly different from the responses of the
eight nonvaccinated subjects ( p � 0.83). Also, the responses
against viral Ags were not significantly different from responses
against the bacterial Ag PPD ( p � 0.117). There was also no
significant difference in the ratio of IL-2 to IFN-� in responses
primed by viruses vs bacteria ( p � 0.28).

Thus, the CD4 T cell responses primed initially by vaccination
with protein Ags generally showed an excess of IL-2- over IFN-
�-secreting cells, whereas the responses initially primed by live
infections showed the opposite trend. This difference was con-
firmed by comparing the slopes of the linear regressions of IFN-�
against IL-2 for the protein Ag group and the live infection group
by F test ( p � 0.0001).

Detection of simultaneous production of IFN-� and IL-2 by
Fluorospots and intracellular staining

Two-color Fluorospots were performed to confirm that protein Ags
and infections induced biases toward IL-2 or IFN-� single produc-
ers, respectively. Tetanus toxoid predominantly induced single
IL-2 producers (red) and few IFN-� producers (green), whereas
influenza induced more cells producing IFN-� (green), or both

IFN-� and IL-2 (yellow) (Fig. 3A). Similar results were obtained
with the other subjects. Further confirmation was obtained with
intracellular cytokine staining of PBMC (Fig. 3B) after stimulation
with tetanus or influenza Ags. Note that both techniques revealed
a significant population of IFN-�� IL-2� anti-influenza cells in
addition to Th1-like IFN-��IL-2� cells, consistent with the excess
of IFN-�- over IL-2-secreting cells demonstrated by ELISPOT in
anti-mumps, RSV, influenza, and PPD responses (Fig. 2). There-
fore, the Fluorospot and intracellular cytokine staining confirm the
ELISPOT results, showing that immune responses primed by pro-
tein Ags induced predominantly IL-2�IFN-�� CD4 T cells,
whereas responses primed by live infections gave more IL-
2�IFN-�� and IL-2�IFN-�� cells.

Human CD4� memory T cells secreting only IL-2 in response to
tetanus toxoid can proliferate and differentiate into either Th1
or Th2 cells

Human CD4 T cells producing IL-2, but not IFN-� on restimula-
tion with recall Ags could be Th1 cells that did not secrete IFN-�
on that particular occasion (21, 22), pre-Th1 cells (12), naive cells,
or primed but uncommitted Thpp precursor cells (4, 5, 7). Naive T
cells are unlikely to contribute to anti-tetanus IL-2 responses be-
cause the frequency of Ag-specific naive CD4 T cells would be too
low to measure in our assays. To assess the contribution to the
IL-2�IFN-�� populations of Th1 cells temporarily secreting only
IL-2 (21, 22), we stimulated PBMC with influenza or tetanus Ags,
stained for IL-2 and IFN-� secretion using the Miltenyi cytokine
capture assay, and sorted IL-2�IFN-�� and IL-2�/�IFN-�� pop-
ulations. These were then restimulated, and the frequency of IFN-�

FIGURE 1. Secretion of IL-2 and IFN-� by human CD4 T cells. The
number of CD4 T cells secreting IL-2 and IFN � in response to tetanus,
diphtheria, hepatitis B, mumps, RSV, influenza, and PPD was measured by
ELISPOT in one individual (subject 509). Triangles represent triplicate
values; u, represent mean IL-2 responses; and f, represent mean IFN-�
responses.

FIGURE 2. Human IL-2 and IFN-� responses primed by proteins or
infections. CD4-enriched PBMC from 15 individuals were stimulated with
tetanus, diphtheria, hepatitis B, influenza, mumps, RSV, and PPD, and the
IL-2 and IFN-� responses were measured by ELISPOT. Open symbols
show responses originally primed by immunizations with protein Ags, and
closed symbols show responses primed by infection. The arrows indicate
two subjects who had been naturally infected with mumps virus. Each point
represents the average of triplicates for one individual. Background values
have been subtracted, and responses �10 have been plotted at 10. Large
symbols indicate that both IL-2 and IFN-� were significantly above back-
ground, and small symbols indicate that only one of the responses was
significant.
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producers was measured by ELISPOT analysis. Among the influ-
enza-specific cells, 13.6% of the major IFN-�� population and
7.9% of the minor IL-2�IFN-�� population secreted IFN-� after a
second Ag stimulation, implying that many of the influenza-spe-
cific cells that initially secreted only IL-2 were really Th1 cells.
Although the frequency of 13.6% is low, even within CD4 T cell
clones only a minority of cells express cytokines on restimulation,

and the extensive manipulation of the populations (stimulation,
staining, sorting, and restimulation) may also have reduced the
responsiveness of the final cell population. In contrast to the in-
fluenza-specific cell results, of the major population of IL-
2�IFN-�� tetanus-specific cells, only 1.9% secreted IFN-� on re-
stimulation, suggesting that most of this population were not Th1
cells.

To distinguish between committed and uncommitted IL-2-se-
creting tetanus-specific CD4 T cells, we depleted naive cells from
PBMC, and then stimulated the remaining cells with tetanus tox-
oid. Cells secreting IL-2 and/or IFN-� were stained using the cy-
tokine capture technique, and tetanus- and influenza-specific IL-
2�IFN-�� cells were sorted and small aliquots were cultured with
autologous B cells and tetanus toxoid or inactivated influenza virus
in Th1- or Th2-polarizing conditions. After two rounds of stimu-
lation, the cells were tested for IFN-� or IL-4 plus IL-5 production
in an ELISPOT assay. As only 30–35% of the tetanus-specific
aliquots responded, it is likely that most of the responding wells
represented the progeny of single cells. Fig. 4A shows that some
tetanus-specific CD4 T cells that initially secreted IL-2, but not
IFN-�, could be polarized toward the predominant secretion of
either IFN � or IL-4/IL-5 under appropriate culture conditions
(Fig. 4A, left panel). In contrast, a majority of the influenza-spe-
cific IL-2�IFN-�� and IL-2�/�IFN-�� cultures maintained a
Th1-like profile under either Th1- or Th2-polarizing conditions
(Fig. 4A, right panel).

To confirm that single tetanus-specific IL-2-secreting cells could
be uncommitted precursors, we performed single cell cloning of
these cells. A single IL-2�IFN-�� CD4 T cell was put in each well
of a 96-well tray and cultured for 4–5 days in the presence of
tetanus toxoid and autologous B cells. Each well showing T cell
growth was then split into Th1 or Th2 conditions. After two further
rounds of stimulation, the cells were tested for IL-4 and IFN-�
production. As shown in Fig. 4B, five of the six individual tetanus-
specific IL-2�IFN-�� cells were bipotential and could differenti-
ate into Th1- or Th2-biased cells under appropriate culture condi-
tions, whereas clone F12 remained committed to a Th1-like pattern
regardless of culture conditions. To confirm clonality, one pair of
Th1 and Th2 aliquots (clone F11) was analyzed for TCR� usage
by PCR, followed by sequencing. Both Th1 and Th2 aliquots of
this clone expressed V�13/D�1/J�2–3, with identical junctional
diversity (Fig. 4C). Two discrepancies in the V� region may have
been due to sequence alterations introduced during the PCR step.
These results confirm that both Th1- and Th2-biased cells arose
from a single initial T cell. Thus, at least some of the human
IL-2�IFN-�� CD4 T cells induced by protein vaccination have a
flexible differentiation phenotype, suggesting that these cells are
equivalent to the primed, but uncommitted mouse CD4 Thpp cells
described previously (4).

Mouse IL-2 and IFN-� responses against OVA in the context of
protein vaccination or live bacterial/viral infection

We next took advantage of a mouse experimental model to com-
pare the immune responses against a single antigenic epitope, the
ISQAVHAAHAEINEAGR epitope of OVA (pOVA) (23), after
priming either by OVA protein in adjuvant, or by the same epitope
expressed by a pathogen during active infection. We tracked the
response against this epitope by using cells from the TCR trans-
genic mouse OTII, in which all CD4 T cells express a TCR rec-
ognizing pOVA. Naive OTII cells (from CD45.1 mice) were trans-
ferred to normal naive C57BL/6 (CD45.2) recipients, and the mice
were then immunized with alum alone, or with alum and OVA.
Two additional groups were infected after OTII transfer with either
the WSN-OVAII influenza virus or the rLM-OVA strain of L.

FIGURE 3. Detection of IL-2�IFN-�� T cells by Fluorospot and intra-
cellular cytokine staining. A, Fluorospot image of tetanus and influenza
responses from CD4-enriched PBMC from one individual. Cells secreting
predominantly IL-2, IFN-�, or both IL-2 and IFN-� produced red, green,
and yellow spots, respectively. B, PBMC were stimulated with tetanus or
influenza Ags, fixed, and stained to reveal intracellular IL-2 and IFN-�.
The plots shown are gated on CD4� cells.
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monocytogenes (16). Immune responses were assessed 11 days
later by stimulating spleen cells in vitro with pOVA, and analyzing
IL-2 and IFN-� synthesis by intracellular staining. OTII cells were
identified by the expression of CD45.1. The number of OTII cells
per spleen secreting cytokines takes into account both the prolif-
eration of OTII cells in response to the different Ags, and the
differentiation of naive cells into cytokine-secreting effectors. The
OTII transgenic cells in the mice immunized only with alum
showed small IL-2 and IFN-� responses. Although even naive
OTII CD4 T cells should be able to synthesize IL-2 in response to
Ag stimulation, the low numbers may have been due both to the
lack of expansion of the OTII population after transfer in the ab-
sence of stimulation, and to the lower responsiveness (compared
with memory or effector cells) of naive cells responding to the
peptide within 12 h. We have previously shown that normal and
TCR-transgenic keyhole limpet hemocyanin (KLH)- or OVA-spe-
cific T cells responded to protein immunization by differentiating
into IL-2-secreting, Thpp-like cells that could further differentiate
into either Th1 or Th2 cells (4). In agreement with these results,
immunization with OVA induced significant increases in the num-
bers of OTII cells secreting IL-2, but not IFN-�, in most mice (Fig.
5). In contrast, most of the mice infected with the WSN-OVAII
showed increased numbers of IL-2�IFN-�� and IL-2�IFN-
��OTII cells. A similar bias toward IFN-� production occurred in
mice infected with rLM-OVA, although the number of responding
mice was lower. Thus, T cells primed by immunization with a
protein vaccine generated qualitatively different immune responses
compared with mice immunized as a consequence of infection,
even in experiments in which the T cell repertoire and Ag epitope
were kept constant.

Discussion
In this study, we show that priming with protein Ags generates a
unique phenotype of uncommitted human CD4 T cells, which pro-
duce IL-2, but not IFN-�, and demonstrate flexibility to differen-
tiate into Th1 or Th2 effector-like cells. In contrast, infections
induced responses characterized by a higher ratio of IFN-�-pro-
ducing cells, with few cells secreting only IL-2. Even the IL-
2�IFN-�� cells induced by influenza had less flexibility and main-
tained a Th1-like profile under Th2-polarizing conditions. To reach
these conclusions, it is necessary to consider the immunization
history for these responses. Tetanus and diphtheria rarely occur as
primary infections in our target group. As these pathogens induce
severe symptoms, it is unlikely that the subjects would have been
previously exposed to the toxins during subclinical infection. All
subjects were vaccinated with protein subunit vaccines for tetanus
and diphtheria. None of the subjects reported a history of hepatitis
B infection, and 12 of the 15 subjects had been vaccinated. There-
fore, the IL-2-dominated CD4 T cell responses of most of our

conditions. The cells were then tested in IFN-� and IL-4 plus IL-5
ELISPOT assays. ‚, Depict cells grown under Th1 conditions; Œ, cells
grown under Th2 conditions. Results shown are from two different subjects
for the tetanus-specific cells (up and down triangles) and one subject for
influenza-specific cells. B, Single cell cloning: single IL-2�IFN-�� cells
were deposited per well of a 96-well tray. The cells were grown in neutral
conditions with autologous CD40L-stimulated B cells � Ag for 4–5 days
and then split into Th1 and Th2 conditions and restimulated with tetanus
toxoid. Two weeks later, the cells were analyzed in an ELISPOT assay for
IFN-� and IL-4 and/or IL-5 production. H4 and F7 were from one subject,
and the other four clones were from a second subject. C, The Th1 and Th2
aliquots of clone F11 were analyzed for V� expression by RT-PCR, and
the PCR products were sequenced. The V, D, J, and junctional sequences
from the Th1 and Th2 cultures showed �96% identity.

FIGURE 4. Differentiative flexibility of tetanus-specific IL-2�IFN-��

CD4 T cells. PBMC depleted of CD45RA� cells were stimulated for 16 h
with tetanus toxoid, and IL-2- and IFN-�-secreting cells were stained with
the IL-2 and IFN-� capture assay. IL-2 producers were enriched, as de-
scribed in Materials and Methods, and IL-2�IFN-�� cells were sorted. A,
Tetanus-specific IL-2�IFN-�� cells (5 cells/well) and influenza-specific
IL-2�IFN-�� and IL-2�/�IFN-�� cells were cultured under Th1 or Th2
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subjects against tetanus toxoid, diphtheria toxoid, and hepatitis B
Ag were probably primed initially by protein Ags, not by infection.

Conversely, there is a strong likelihood that the responses we
detected against RSV protein Ags, inactivated influenza and
mumps preparations, and mycobacterial Ag PPD were initially
primed in our subjects by live infections. RSV infections occur in
a majority of infants during the first year, and by the age of 2 years,
�90% of the population are immune (24, 25). Further reinforce-
ment of these responses may occur by repeated infections in sub-
sequent years. Influenza also infects the great majority of children
by the age of 3 years (26, 27), and the subjects in our study were
not vaccinated against influenza as children. Thus, initial priming
against influenza occurred by infection, and the anti-influenza re-
sponse may have been boosted by additional infections, and in
some subjects, by adult vaccination. Interestingly, an IFN-�-dom-
inated response to mumps virus was present in subjects primed
either by natural infection (arrows in Fig. 2) or by vaccination with
a live, attenuated strain, suggesting that even mild infection can
induce a committed effector response. Responses against PPD in
our subjects were induced either by vaccination with bacillus
Calmette-Guerin live vaccine, or presumably by subclinical infec-
tion with environmental mycobacteria-expressing Ags that cross-
react with PPD (17–19). Thus, we conclude that in most or all of
the subjects, the IFN-�-dominated CD4 T cell responses against
RSV proteins, inactivated influenza and mumps virus, and myco-
bacterial Ag PPD were initially primed by live infections.

Although CD4 T cells secreting IL-2, but not IFN-�, could be
primed but uncommitted Thpp cells, even in a fully differentiated
Th1 cell population some cells may express only IL-2, or only
IFN-�, after Ag stimulation (21, 22). Thus, the CD4 T cells se-
creting IFN-�, but not IL-2, in response to RSV proteins, inacti-
vated influenza and mumps virus, and mycobacterial Ag PPD
(Figs. 2 and 3) may have been Th1 cells that did not synthesize
IL-2. Although some of the tetanus-specific IL-2�IFN-�� cells we
have identified may have been “lazy Th1” cells of the reciprocal
type, there are three reasons that such cells are unlikely to account
for most of the tetanus-, hepatitis B-, or diphtheria-specific IL-2-
secreting cells. First, in both mouse and human systems, only a
minority of Th1 cells secrete IL-2, but not IFN-� (4) (A. Divekar
and T. Mosmann, unpublished observations), and so the low num-
ber of IFN-�� cells observed in the protein-primed responses im-
plies an even lower number of “lazy Th1” cells. Second, restimu-
lation of IL-2�IFN-�� tetanus-specific cells resulted in very few
cells that could secrete IFN-�, whereas a higher percentage of the
equivalent population of influenza-specific CD4 T cells secreted
IFN-� on restimulation. Third, IL-2�IFN-�� CD4 cells respond-
ing to tetanus (human; Fig. 4) or KLH (mouse (4)) showed con-
siderable flexibility of differentiation, whereas influenza-specific
cells secreting IL-2, but not IFN-�, were less flexible and main-
tained a Th1-like profile even under Th2-polarizing conditions
(Fig. 4B). Thus, the responses primed by RSV proteins, inactivated
influenza and mumps virus, and mycobacterial Ag PPD may in-
clude some Th1 cells that temporarily secrete only IL-2, but the
IL-2�IFN-�� cells primed by protein Ags probably include mostly
primed, uncommitted non-Th1 cells.

Previous studies have shown the existence of IL-2�IFN-��

CD4 T cells in tetanus- and hepatitis-immunized subjects (1, 2).
These cells could be similar to the mouse primed, but uncommitted
CD4 T cells secreting IL-2, but not IFN-� described previously (4,
5) and also to the human CD45RA�, CCR7� central memory
population (7). Recent studies (9, 12) suggest that only the
CXCR5� cells within the CCR7� population are uncommitted IL-
2-secreting cells. Although some IL-2�IFN-�� tetanus-specific T
cells in our studies did express CXCR5, many expressed neither
CXCR5 nor CCR7 (data not shown). Thus, these chemokine re-
ceptor surface markers may define complex patterns of CD4 T
cells according to their circulation and migration properties, but
the relationship of these subsets to the cytokine phenotypes that we
have described remains unclear.

The human findings were confirmed in a mouse experimental
model in which the T cell specificities and priming signals could
be more precisely controlled, by monitoring the response of low
numbers of TCR transgenic mouse T cells in normal mice. The
results confirmed previous studies showing that priming of endog-
enous or TCR-transgenic T cells with protein Ags such as KLH
and OVA induced mainly uncommitted, IL-2-secreting Thpp-like
cells (28) that were uncommitted and could differentiate into either
Th1 or Th2 cells (4), whereas priming in the context of infection
induced stronger Th1-like responses (29–31). Thus, the type of
differentiation of CD4 T cells specific for a single epitope is de-
pendent on the context of Ag exposure, not the affinities or fre-
quencies of the epitope or TCR.

Why are these IL-2�IFN-�� memory CD4 T cells important?
The expansion of a pool of Ag-specific cells may allow faster
subsequent responses due to increased numbers and less stringent
activation requirements, compared with naive cells. This expanded
Ag-specific population could also provide flexibility in future re-
sponses by differentiating into either Th1 or Th2 effectors, as ap-
propriate. As mouse Thpp cells secrete substantial amounts of che-
mokines (6), the primed uncommitted cells may also initiate

FIGURE 5. Cytokine responses in mice immunized with OVA either in
alum or expressed by live organisms. OVA-specific TCR transgenic OTII
spleen cells (CD45.1) were injected into normal C57BL/6 mice, which
were then immunized with alum only, alum plus OVA, the recombinant
influenza strain WSN-OVAII, or the recombinant L. monocytogenes strain
rLM-OVA. Eleven days later, spleen cells were stimulated in vitro with
OVA peptide, and stained for intracellular IL-2 and IFN-�, as well as CD4
and CD45.1 (donor specific). Each point represents the number of OTII
cells producing IL-2 vs IFN-� in one mouse spleen. The percentage of
OTII cells secreting cytokines in responding mice varied between 1 and
6%. Background values (no Ag in vitro) have been subtracted. In spleen
cells from control mice immunized with PBS � alum, in vitro responses to
pOVA were �350 cells/spleen for either IL-2 or IFN-�. Results from two
experiments are shown for alum-OVA and WSN-OVAII, and one exper-
iment for rLM-OVA.
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further responses by attracting other cells into the site of Ag re-
action. The flexibility to differentiate into either Th1 or Th2 types
may also be useful during the contraction phase of the immune
response, as inflammation generated in a Th1 response may be
contained by the secretion of Th2 cytokines.

Protein vaccines such as tetanus, diphtheria, and hepatitis B are
successful vaccines that provide protective immunity by inducing
neutralizing Ab responses, with �95% seroconversion rates. In
addition to the major IL-2�IFN-�� T cell populations we have
described in this study, these vaccines induce lower levels of CD4
cells secreting the Th2 cytokines IL-4 and IL-5, and these Th2-like
cells may provide the main B cell help for Ab responses induced
by these vaccines. Although the ability of primed uncommitted
cells to help B cell responses is currently unknown, the IL-
2�IFN-�� cells might also contribute to help for Ab production
because of their higher frequency and their production of the B cell
helper factor IL-2. Polysaccharide Ags can induce T cell-indepen-
dent anti-polysaccharide Ab responses, but conjugation of poly-
saccharide Ags with carrier proteins such as diphtheria or tetanus
is thought to enhance vaccination efficacy by providing T cell help,
for example in children immunized with the Hib capsular poly-
saccharide (32, 33). These results raise the possibility that in ad-
dition to B cell help provided by IL-4/IL-5-producing CD4 T cells,
the generation of IL-2�IFN-�� CD4 memory T cells may also
contribute to help for Ab responses. If CXCR5 is expressed on at
least some primed, uncommitted CD4 T cells, this would also be
consistent with a role for these cells in B cell help, as CXCR5 and
CCR7 enhance homing to lymph nodes, and CXCR5 may direct
homing of T cells within lymph nodes to the germinal centers
(34–36), thus facilitating interaction with B cells.

Although the substantial population of Thpp-like cells clearly
does not interfere with the ability of tetanus, hepatitis B, and diph-
theria vaccines to induce protective Ab responses, potential disad-
vantages of the induction of the IL-2�IFN-�� phenotype by other
vaccines include the lack of strong T cell effector functions that
would be contributed by the potent cytokines of effector (Th1, Th2,
etc.) T cells. Differentiation of mouse Thpp cells into effectors
requires 3–5 days (37), which could be a significant delay during
infection by rapidly spreading pathogens such as influenza. Al-
though the generation and maintenance of many CD8 T cell re-
sponses require CD4 T cell help, it is not known whether IL-
2�IFN-�� cells can provide this help. Thus, there is concern that
the IL-2�IFN-�� responses most likely to be induced by subunit
vaccines may not provide the right immediate effector functions
against pathogens that require rapid Th1- and CD8-dominated re-
sponses. These potentially include vaccines against tuberculosis,
HIV, Leishmania, cancer, and possibly malaria.

Why do protein subunit vaccines induce CD4 T cell responses
dominated by IL-2�IFN-�� cells? The extra signals provided dur-
ing actual infection include microbial products that provide im-
mune stimulation through several receptors of the innate immune
system, notably the TLRs (38, 39), as well as potentially higher
levels of inflammatory signals induced by infection. Although lim-
ited Ag stimulation may preferentially induce the IL-2�IFN-��

phenotype (40, 41), these cells are also found in responses that
have been primed and boosted (tetanus in Fig. 2) (7) (X. Wang and
T. Mosmann, unpublished observations). Thus, for many future
vaccines that require the induction of strong effector T cell re-
sponses, it may be important to add stronger adjuvants that can
supply the TLR and/or inflammatory signals that are required to
push CD4 T cell differentiation beyond the primed, uncommitted
precursors, into fully differentiated effector T cells.
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