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Summary

Understanding the immune responses that explain why infants require mul-
tiple doses of pertussis vaccine to achieve protection against infection is a high
priority. The objective of this study was to compare the function and pheno-
types of antigen-specific CD4+ T cells in adults (n = 12), compared to infants
(n = 20), following vaccination with acellular pertussis (DTaP) vaccine.
Peripheral blood mononuclear cells (PBMCs) were stimulated with pertussis
toxoid (PT), pertactin (PRN) and filamentous haemagglutinin (FHA). Multi-
parameter flow cytometry was used to delineate CD4+ T cell populations and
phenotypes producing interferon (IFN)-g, interleukin (IL)-2, tumour necrosis
factor (TNF)-a and IL-4. Based on surface CD69 expression, infants demon-
strated activation of vaccine antigen-specific CD4+ T cells similar to adults.
However, among infants, Boolean combinations of gates suggested that type 1
(Th-1) CD4+ T cell responses were confined largely to TNF-a+IL-2+IFN-g - or
TNF-a+IL-2-IFN-g -. A significantly lower percentage of polyfunctional T
helper type 1 (Th1) responses (TNF-a+IFN-g +IL-2+) and type 2 (Th2)
responses (IL-4) were present in the infants compared to adults. Moreover, a
significantly higher percentage of infants’ functional CD4+ T cells were
restricted to CD45RA-CCR7+CD27+ phenotype, consistent with early-stage
differentiated pertussis-specific memory CD4+ T cells. We show for the first
time that DTaP vaccination-induced CD4+ T cells in infants are functionally
and phenotypically dissimilar from those of adults.
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Introduction

Pertussis remains poorly controlled, causing a total of 16 858
cases and 12 infant deaths in 2009 in the United States [1,2].
Adults contract pertussis due to waning immunity; however,
mortality is rare [3]. Nevertheless, in many cases adults may
become carriers for the transmission of pertussis to infants
and young children [4,5]. Whole cell pertussis vaccine used
for child immunization programmes in the past have been
replaced in Europe and western countries with diphtheria,
tetanus, acellular pertussis (DTaP) vaccination [6–8] and a
number of laboratories, including ours, have shown that
a robust humoral response is elicited as a result of DTaP
vaccination in children, adolescents and adults [6,9,10].
Whereas circulating antibodies may play a role in pertussis
toxin neutralization or blocking bacterial adherence to the

epithelial cells of the respiratory mucosa, there is growing
evidence that antigen-specific CD4+ T cells are required for
evoking a long-lasting protective immunity against Borde-
tella pertussis [11–13]. Moreover, in some cases antibody
titres do not always correlate with protection from pertussis
[14–16].

CD4+ T cell-dependent protective responses to B. pertussis
have been shown to correlate with elicitation of T helper type
1 (Th1) cytokines such as IFN-g [12,17,18], whereas CD4+ T
cells co-producing IL-2 and IFN-g are thought to be essential
contributors to long-lasting pertussis-specific protective
immunity [12]. Studies in the past suggested that aP vacci-
nation can promote cell-mediated immunity; however, those
observations were made based on traditional antigen-
specific T cell proliferation and enzyme-linked immuno-
sorbent assay (ELISA)-based cytokine assays, and lacked
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information regarding memory generation, functional
and/or phenotypic properties of vaccine-induced CD4+ T
cells [18–20]. Other studies demonstrated the ability of per-
tussis toxin and aP vaccine to elicit a mixed Th1 and Th2
CD4+ T cell response [18,21], and that aP vaccine induces
predominantly a Th2 CD4+ T cell response in vaccinated
children [19,20,22]. In addition, the pattern of cytokine pro-
duction on a single cell basis in DTaP-vaccinated infants and
adults has not been delineated.

The combination of CCR7 and CD45RA has been used
extensively for classifying antigen-experienced T cells (effec-
tor memory, TEM and central memory, TCM) [23]. More
recently, another classification model based on expression of
chemokine receptors CCR7 and CD27 has been described
[24]. Based on the differences in their telomere lengths,
in-vitro stimulation has demonstrated the order of CD4+ T
cell differentiation as: naive to CCR7+CD27+ to CCR7-CD27+

to CCR7-CD27-. CCR7+CD27+ cells are least differentiated,
whereas CCR7-CD27- are fully differentiated CD4+ T cells
due to their shortest telomere lengths. Because characteriza-
tion of pertussis-specific responses in infants and adults has
not been performed previously, we developed a multi-
parametric flow cytometry approach and analysis method
that allowed simultaneous detection of multi-functionality
and phenotypes of CD4+ T cells induced as a result of DTaP
vaccination in infants compared to adults.

Material and methods

Subjects and peripheral blood mononuclear cells
(PBMC) samples

Healthy infants (n = 20; aged between 9 and 12 months,
median age 10 months) who have received three doses of
DTaP vaccine (Sanofi Pasteur, Swiftwater, PA, USA) at 2, 4
and 6 months of age were involved in the study. The infants
were from a cohort recruited as a part of a prospective study
of immunity to respiratory pathogens (NIDCD R0108671).
Healthy adult volunteers (n = 12; median age 30·4 years)
vaccinated with the same DTaP within the preceding 5 years
were given a booster dose before bleeding them at day 7 and
for two subjects 3–4 months later for PBMC isolation.
Written consent was obtained from parents of the children
and the adults in association with a protocol approved by the
Rochester General Hospital institutional review board. Hep-
arinized venous blood was drawn and PBMCs isolated using
Ficoll gradient according to the manufacturer’s instructions.
Cells were washed in phosphate-buffered saline (PBS) resus-
pended at a concentration of 1 ¥ 107 cells/ml in cell recovery
freezing media (Gibco, Grand Island, NY, USA) and frozen
in liquid nitrogen until used.

Antigens and antibodies

Purified pertussis toxoid vaccine protein antigen (PT), pert-
actin (PRN) and filamentous haemagglutinin (FHA) were

used for T cell stimulation (gifts from Sanofi Pasteur, Swift-
water, PA, USA). Antibodies used for staining were anti-CD3
Qdot 605 or Pacific blue (clone UCHT1, Invitrogen, Grand
Island, NY, USA and Biolegend, San Diego, CA, USA),
anti-CD4 allophycocyanin (APC) AlexaFluor 750 (clone
RPA T4; eBiosciences, San Diego, CA, USA), APC-
conjugated anti-CD69 (clone FN50, BD Biosciences, San
Diego, CA, USA), phycoerythrin (PE)-Texas Red anti-
CD45RA (clone MEM56; Invitrogen, Grand Island, NY,
USA), anti-CCR7 peridinin chlorophyll (PerCP)/cyanin
(Cy)5·5 conjugate (clone TG8/CCR7; Biolegend), anti-CD27
Qdot 605 (Invitrogen), PE-Cy7-conjugated anti-IFN-g
(clone B27; BD Biosciences), AlexaFluor 700 anti-IL-2 (clone
MQ1-17H12; Biolegend) and PE-conjugated anti-IL-4
(clone 8D4-8; BD Biosciences). Anti-CD28 and anti-CD49d
antibodies (clones L293 and L25, respectively) were obtained
from BD Biosciences.

PBMC stimulation for detection of
intracellular cytokine

Prior to stimulation, frozen PBMCs were thawed quickly in
a 37°C water bath followed by slowly adding complete
culture medium [RPMI-1640 supplemented with 10% of
fetal bovine serum (FBS), 2 mM L-glutamine, 0·1 mM
sodium pyruvate, non-essential amino acids, 100 U/ml
penicillin, 100 mg/ml streptomycin]. After thawing, frozen
cells were washed with RPMI-1640 and rested overnight in
complete culture media in 24-well plates. PBMCs were
stimulated using a protocol standardized in our laboratory
and adapted from elsewhere [25–27]. Briefly, cells were
counted and placed in a 96-well flat-bottomed plate and
stimulated with either 1 mg/ml final protein concentration
of individual antigen or Staphylococcal enterotoxin B (SEB).
An optimal dosage for stimulation was determined by
absence of detectable cell toxicity, measured by the use of
tryptan blue staining and/or flow cytometry analysis after
propidium iodide staining (data not shown). Cells were
then incubated for 2 h at 37°C in the presence of 5%
CO2 for antigen processing. After 2 h, Golgi transport
inhibitors (BD Biosciences) were added to preserve cytok-
ines intracellularly and incubated for an additional 4 h.
Anti-CD28 and anti-CD49d (1 mg/ml) antibodies were
also added to provide co-stimulation and enhance the
detection of antigen-specific responses, as described earlier
[28,29]. Unstimulated controls received all the reagents
except antigens (including anti-CD28 and CD49d
antibodies).

Surface and intracellular staining and flow
cytometric analysis

Post-stimulation, cells were transferred to 96-well
V-bottomed plates and washed once with fluorescence
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activated cell sorter (FACS) buffer (PBS with 0·5% FBS)
before incubating them with various cell surface antibodies
for 30 min, followed by washing with FACS buffer. Cells were
then permeabilized with fixation and permeabilization solu-
tion (both BD Biosciences) for 20 min and a cocktail of
antibodies was used to stain intracellularly captured cytok-
ines as a result of stimulation. Because of down-regulation of
CD3 on the T cell surface post-stimulation, CD3 staining
was carried out intracellularly. After the usual washing steps,
cells were acquired on a BD LSR II flow cytometer to collect
1 ¥ 106 events for each sample and data were analysed using
FlowJo (TreeStar) software.

Cells were first gated on lymphocytes based on forward-
and side-scatter properties followed by sequential gating on
CD4+ T cells before gating individual cytokine-positive
CD4+ T cells (Fig. 1). For evaluation of cytokine responses,
Boolean gating was used to create various combinations of
cytokine-producing CD4+ T cells. Sixteen different combi-
nations of gates were formed after combining individual
cytokine gates, namely TNF-a, IFN-g, IL-2 and IL-4.
Various Th1 cytokine combinations (IFN-g+IL2+TNF-a+;
IFN-g+IL-2+TNF-a-; IFN-g+IL-2-TNF-a+; IFN-g+IL-2-TNF-

a-; IFN-g-IL-2+TNF-a+; IFN-g-IL-2+TNF-a-; IFN-g-IL-
2-TNF-a+) were compared among infants and adults. To
evaluate Th2 responses, we compared IL4+CD4+ T cells that
were negative for IFN-g, IL-2 and TNF-a (IL-4+IFN-g-IL-
2-TNF-a-) among infants and adults. The percentages of
responding cells were calculated by dividing frequencies of
cytokine-positive cells with total CD4+ T cell counts for
respective stimulation. Responding cells were also analysed
with gating on CD69+CD4+ T cell populations and early
activation marker of T cells that assists analysis in the
multi-parameter protocols by allowing more definitive
‘clustering’ of the true responding cells [26,28]. Back-
ground staining, when present, is often only present in
the CD69-negative fraction, and thus excluded from con-
sideration. Cytokine producing cells were back-gated on
CD69.

Cytometric bead array (CBA) for detection of
secreted cytokines

For CBA assay, PBMCs were thawed and rested overnight as
described previously before negative isolation of CD4+ T
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Fig. 1. Gating strategy for analysing functional CD4+ T cell responses in infants and adults. Gating tree and analysis for flow cytometry panel used

to simultaneously analyse interferon (IFN)-g, interleukin (IL)-2-, tumour necrosis factor (TNF)- or IL-4 producing CD4+ T cells from peripheral

blood mononuclear cells (PBMC) of infants and adults who were stimulated with pertussis toxoid antigen (PT). (a) Initial gating of total events

included selection of lymphocytes based on forward- and side-scatter properties followed by gating single cells, live T cells (7AAD-CD3+) and

CD4+CD8- T cells. (b) Boolean gating analysis of cytokine-positive populations were used to characterize each cell separately based on its
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samples. Individual cytokine gates were combined using Boolean combination for all four individual cytokines (TNF-a, IFN-g, IL-2, IL-4) and
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cells using magnetic activated cell sorter (MACS) columns
(Miltenyi Biotech, Auburn, CA, USA) from each sample. The
non-CD4+ T cell fraction was then pulsed with 1 mg/ml of
antigen (PT, PRN or FHA individually) for 2 h and washed
extensively with PBS before adding back to respective
autologous CD4+ T cells. Finally the cells were suspended in
complete RPMI-1640 media, as described above, and cul-
tures were incubated for 18 h before collecting the superna-
tants for IL-4 quantitation using a CBA kit (BD Biosciences).
An acquisition template provided by BD Biosciences was
used to acquire cytometric beads on a LSRII flow cytometer
and data were analysed using BD FACS DIVA and FlowJo
software. Standard graphs were plotted and unknown
sample values were extrapolated on linear regression plots
with GraphPad Prism version 5 software.

Statistical analysis

P-values were calculated with two-tailed Mann–Whitney
U-test using Graph Pad Prism version 5 software. Overall
expression of CD69 following DTaP antigen stimulations
(PT, PRN and FHA) was compared with one-way analysis of
variance (anova).

Results

CD4+ T cells among vaccinated infants demonstrate
pertussis antigen-specific activation as in adults

Following antigen encounter, CD69 expression on the
surface of CD4+ T cells provides an early sign of T cell acti-
vation [30]. Therefore, we investigated if CD4+ T cells among
infants demonstrate an increase in CD69 surface expression
after ex-vivo stimulation with DTaP antigens. As depicted in
Fig. 2a, stimulation with all pertussis antigens (PT, PRN and
FHA) resulted in the up-regulation of CD69 expression
among individual vaccinated infants compared to their
respective unstimulated controls. Percentages of total CD69
expression on CD4+ T cells were variable among individual
infants; however, as a result of antigenic stimulation all
infants showed CD69 up-regulation over unstimulated con-
trols (P = 0·007) (Fig. 2a).

Among adults, percentages of CD4+ T cells expressing
CD69 were also increased post-antigenic and SEB stimula-
tions. Of note, no significant differences were found in the
percentages of CD4+ T cells expressing CD69 between infants
and adults groups for each antigen stimulation (Fig. 2b).
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Infants develop type 1 CD4+ T cell responses but with
limited multi-function to pertussis antigens

Because intracellular expression of type 1 cytokines is
thought to be critical for protective immunity against per-
tussis [12,17], we evaluated Th1 cytokine responses among
infants and adults post-antigenic stimulations. As type 1
CD4+ T cell responses are determined primarily by the pro-
duction of mainly IFN-g, TNF-a and IL-2 [31], we exam-
ined if infants’ CD4+ T cells were capable of expressing
those cytokines in response to pertussis antigens. Dot-plots
show that individual Th1 cytokine responses among adults
and infants were restricted to CD69-up-regulated cells
(Fig. 3a). However, in physiological conditions different
combinations of Th1 responses can be produced by indi-
vidual CD4+ T cells; hence we analysed various combina-
tions of gates for Th1 cytokines rather than comparing
individual cytokines (IFN-g, TNF-a or IL-2). Such gating
revealed that infants’ CD4+ T cells produce high levels of
TNF-a (IFN-g-IL-2-TNF-a+) in response to vaccinated
antigens followed by TNF-a+IL-2+ (IFN-g-) (Fig. 3b). A
similar trend was found among adults where antigen-
specific CD4+ T cells produced TNF-a followed by TNF-
a+IL-2+ as observed in infants (Fig. 3a,b). Conversely,
among adults a significantly higher percentage of antigen-
specific CD4+ T cells expressing multi-functional (TNF-
a+IFN-g+IL-2+) were present for all the stimulations
(Fig. 3b,c).

CD4+ T cells Th2 responses to pertussis toxoid in
infants were lower than adults

We evaluated the percentages of DTaP-specific IL-4
expressing CD4+ T cells among infants and adults. To enu-
merate Th2 cells specifically, using Boolean gating we con-
sidered IL-4+ cells that did not express any Th1 cytokines
(IL-4+IFN-g-IL-2-TNF-a-). We observed that, overall,
infants had lower frequencies of IL-4 expressing DTaP
antigen-specific CD4+ T cells than adults (Fig. 4a). To
confirm this further, we used the CBA method to examine
differences in IL-4 secretion after short-term (18-h) stimu-
lation with pertussis antigens. Levels of IL-4 secreted in the
cell culture supernatants were significantly lower in the
CD4+ T cell cultures from infants compared to adults for all
stimulations (Fig. 4b).

In a different set of analyses, we compared the balance of
PT-specific Th1/Th2 cytokines among infants and adults.
Percentage frequencies of CD69+CD4+ T cells were enumer-
ated and compared for PT-specific individual cytokines (for
IFN-g, IL-2, TNF-a and IL-4). Although overall frequencies
of PT-specific IFN-g was lower than IL-4, a preponderance of
other PT-specific Th1 cytokine-producing CD4+ T cells (IL-2
and TNF-a) was found among both cohorts (Fig. 4c). A
similar difference in the Th1/Th2 cytokines was observed for
other DTaP antigens (data not shown).

Phenotype discrepancies of pertussis toxoid-specific
type 1 CD4+ T cells among infants and adults

To delineate the pertussis-specific CD4+ T cell phenotypes,
cell surface characteristics of pertussis-specific functional
type 1 CD4+ T cells were assessed in infants and adults. Based
on the expression of CCR7 and CD27, the stage-specific
differentiation of CD4+ T cells can be learned [24]. We evalu-
ated stage-specific phenotypes of pertussis-specific CD4+ T
cells within CD45RAlow cells of infants and adults. A signifi-
cantly higher percentage of IL-2- and IFN-g-producing
CD4+ T cells in infants were found to be co-expressing CD27
and CCR7 (CD27+CCR7+), representing the earliest dif-
ferentiated cell pattern. Infants had significantly lower
percentages of fully differentiated cells, represented as
CD45RA-CCR7-CD27- [24]. Conversely, nearly 50% of the
PT-specific CD4+ T cells in adults were fully differentiated
(CCR7-CD27-) (Fig. 5). A similar difference in IL-4
cytokine-producing PT-specific CD4+ T cells was observed
among infants and adults (data not shown). For IL-2-
expressing CD4+ T cells, no significant difference was found
between the surface phenotypes CCR7-CD27+ and
CCR7+CD27- cells, whereas IFN-g-producing cells demon-
strated a significantly higher percentage of the surface
expression pattern of CCR7+CD27- cells compared to infants
(Fig. 5). To assess whether the differences in PT-specific
CD4+ T cell multi-functionality was due to the earlier timing
of PBMC sampling from adults we performed the same
analysis on CD4+ T cell responses at 3–4 months post-
vaccination in adults and found the same results as day 7
post-vaccination, showing clear functional and phenotypic
differences compared to infants (data not shown).

Discussion

We demonstrate that acellular pertussis (DTaP)-specific
CD4+ T cell responses among infants differ quantitatively
from those of adults. Our data suggest that CD4+ T cells of
infants can up-regulate CD69 expression in response to
DTaP antigens similar to adults. Because CD69 is an early
activation marker of all T cells [30,32] the data suggest that,
similar to adults, CD4+ T cells of infants are capable of
antigen-specific activation in terms of CD69 expression.
Up-regulation of CD69+ T cells has been shown recently on
aP-specific CD8+ T cells among DTaP booster vaccinated
among adolescents; however, the study could not find a dif-
ference in CD69-up-regulation on CD4+ T cells that was
evaluated post-48 h [33]. After antigen stimulation, CD69
expression on T cells is a very early event and, hence, its
up-regulation should be analysed within a few hours of T cell
stimulation [30].

After stimulation with DTaP antigens (PT, PRN and
FHA), CD4+ T cells of infants as well as adults primarily
expressed TNF-a alone or IFN-g-IL-2+TNF-a+. Lower per-
centages of antigen-specific IFN-g-expressing CD4+ T cells

DTaP-specific T cells in infants and adults
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could be detected (IFN-g+IL-2+TNF-a+) among adults,
which was significantly lower among infants. This could be
attributed to the inherent inability of infant CD4+ T cells to
express IFN-g [34,35]. When quantified on a per-cell basis,
type 1 CD4+ T cells producing multiple cytokine combina-
tions (IFN-g+IL-2+TNF-a+) are by far the most significant
contributor to the protective immunity against many dis-
eases [36,37]. We speculate that significantly higher levels of
type 1 multi-functional CD4+ T cell responses to pertussis
antigens may elicit a greater degree of protection among
adults against B. pertussis infections. Earlier experiments in
neonatal mouse models have demonstrated minimal Th 1
function and a preponderance of Th 2 activity to a variety of
antigens, as assessed by the inability of antigen to induce
IFN-g responses [34,38–41]. Moreover, CD4+ T cells among
human neonates are reported to be Th 2 biased to the anti-
gens, while adults are capable of eliciting potent Th 1
responses to a variety of stimulations [20,22,41,42]. Excep-
tions to this paradigm have been noted during infection
and/or following vaccination with certain antigens [43–45].
In a limited number of adults, we stimulated PBMCs with
DTaP antigens obtained 3–4 months after DTaP vaccination
and found the same profile of responses as adult PBMCs

obtained 7 days post-vaccination. In other studies by our
laboratory, similar differences were found in adults when
their PBMCs were collected at random time-points and
stimulated with Streptococcus pneumoniae surface protein,
PspA (data not shown). Hence, our studies, in association
with others, suggest that functional quality of vaccine-
specific CD4+ T cell responses in infants are largely affected
by maturational status of their immune system.

To evaluate DTaP vaccine-induced Th2 responses, we
analysed percentages of IL-4-expressing CD4+ T cells. We
found that both groups (infants and adults) had low fre-
quencies of antigen-specific IL-4 responses. One could argue
that intracellular cytokine staining may not be a sensitive
approach for evaluating IL-4 production; therefore, we mea-
sured secreted IL-4 using a bead array method that yielded a
similar result. We considered observing other Th2 cytokine
responses such as IL-10; however, the presence of IL-10 is
precarious, and does not always inform about type 2 CD4+ T
cell responses [46,47]. Earlier studies that evaluated acellular
pertussis-specific T cell responses suggested that infants and
young children had a predisposition to Th2 responses, with
an overall response skew towards Th1 occurring gradually
with age [20,22]. However, those studies relied upon

(c) (d)Adults Adult (PT)

(3–4 months post-vaccination)
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SEB

Infants
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traditional ELISA methods for cytokine estimations, and it is
not feasible to look selectively at single cell functionality by
such methods. Hence, in contrast to the earlier studies, our
results clearly define that TNF-a+ and IL-2+ Th1 responses
predominate following DTaP vaccination in infants. While
adults develop significantly higher IFN-g+ polyfunctional
responses than infants, both groups had further higher per-
centages of DTaP-specific IL-2-expressing CD4+ T cells. We
hypothesize that because pertussis neither persists in the
body, nor is there frequent exposure to pertussis in the envi-
ronment, most of the DTaP vaccine-induced CD4+ T cells are
largely IFN-g-IL-2+TNF-a+ or IFN-g-IL-2-TNF-a+ in adults
and infants. This is in contrast to bacilli Calmette–Guérin
(BCG) vaccination, where it has been shown that IFN-g
levels are high due to persistent antigen or environmental
exposure [48].

As loss of surface expression of CD45RA is considered to
be a characteristic of vaccine-induced memory CD4+ T cells
[23], we divided CD45RA- cytokine-producing CD4+ T cells
further based on their ability to co-express CCR7 and CD27.
We observed that most of the functional CD4+ T cells that
were DTaP-specific expressed CCR7 and CD27 in infants
that were significantly higher than adults. Conversely, adults
had significantly higher percentages of CCR7-CD27- cells
that were considered as fully differentiated CD4+ T cells [24].
We conclude that, in infants, the phenotype of DTaP-specific
CD4+ T cells is predominantly an early differentiated pheno-
type, while in adults CD4+ T cells due to multiple vaccina-
tions transform into fully differentiated CD4+ T cells
(CCR7-CD27-). Earlier reports have demonstrated pheno-
typic changes in influenza vaccine-specific CD8+ T cells
among young children and adults that were imparted due to
maturational status, as well as the number of doses of
vaccinations [49].

In summary, the capacity of CD4+ T cells in infants to
express the CD69 activation marker in response to vaccine
DTaP antigens or SEB is not impaired. Infants lack pertussis-
specific polyfunctional CD4+ T cells (TNF-a+IL-2+IFN-g+)
and mainly express IFN-g- Th1 cells. Several mechanisms
might account for this relative deficiency at the early stages of
life, including an immature state of the APCs, as suggested
previously [50,51]. However, we speculate that infants’ T cells
have the ability to perceive the signals provided by APCs that
are required for early T cell activation (CD69 up-regulation)
upon antigen encounter. Further studies are under way to
determine if this interaction is transient and the APC–T cell
synapse formation is somehow not prolonged, which is
required for functional CD4+ T cell generation [52]. More
studies are needed to understand the comprehensive intrinsic
defects of T cells in the early stages of life.
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