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Abstract
The Plasmodium falciparum apical membrane antigen 1 (AMA1) is a leading vaccine candidate and
was tested for safety and immunogenicity in human Phase I Clinical Trials. PBMC from vaccine
recipients were analyzed by flow cytometric methods to determine the nature of T cell responses and
AMA1-reactive memory T cells. Both CD4 and CD8 T cells produced a number of cytokines
following AMA1 re-stimulation, with IL-5-producing cells at the highest frequency, consistent with
a Th2 bias. The relative frequency of multifunctional cells synthesizing Th1 cytokines IFN-γ, IL-2
and TNF-α changed after each vaccination. Interestingly, median fluorescence intensity
measurements revealed that cells producing more than one cytokine contributed greater quantities
of each cytokine than cell populations that produced each of the cytokines alone. AMA1 vaccination
also elicited the development of memory cell populations, and both central and effector memory T
cells were identified concurrently after the AMA1 vaccination. The detailed profile of multifunctional
T cell responses to AMA1 presented here will advance our ability to assess the immunogenicity of
human malarial vaccines.
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Data shown are ELISA units assigned with a standard serum [11]. AMA1-FVO and AMA1-3D7 are the two polymorphic forms of AMA1
that constitute the vaccine formulation AMA1-C1. Samples were collected on days 42 and 70 of the study (2 weeks after second and
third vaccinations, respectively). Subjects labeled "CCxx" particpated in the NIH study, and those labeled "Rxxx" are from the Rochester
study. B. IL-5 secreting cell frequencies specific for the two constituent polymorphic AMA1 forms used in the AMA1-C1 vaccine. Data
represents the number of spot-forming units (SFU) per 1000 PBMC determined by Elispot assays for IL-5 [35]. Samples were collected
on days 35 and 63 of the study (1 week after second and third vaccinations, respectively). Subjects labeled "CCxx" participated in the
NIH study.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Vaccine. Author manuscript; available in PMC 2010 August 20.

Published in final edited form as:
Vaccine. 2009 August 20; 27(38): 5239–5246. doi:10.1016/j.vaccine.2009.06.066.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Malaria is a serious public health problem in tropical regions of the world and is responsible
for about 1.5 million deaths yearly, mainly among sub-Saharan children under 5 years old
[1]. Four species of Plasmodium, the etiologic agents of malaria, infect humans and P.
falciparum is the species that has the most severe clinical consequences. In light of increasing
anti-malarial drug resistance and the limited success of mosquito control programs, an effective
vaccine is likely to be an important tool to decrease the burden of malaria.

P. falciparum apical membrane antigen 1 (PfAMA1) is an integral membrane protein of 83-
kilodalton (kDa) that is processed to 66-kDa during late schizogony in the erythrocytic cycle
of the parasite before being exported from micronemes to the merozoite surface [2]. Recent
studies have revealed that AMA1 is also found in sporozoites [3]. AMA1 is thought to
participate in the re-orientation and attachment of merozoites to red blood cells, a crucial phase
in red blood cell invasion by the parasite [4]. AMA1 vaccination of mice and monkeys has
been demonstrated to reduce parasitaemia and confer significant protection after challenge
with virulent parasites, indicating the critical role of this protein during invasion [5–8]. As
recently reviewed by Remarque and colleagues [9], these observations have provided a
rationale for the development of recombinant AMA1 as a vaccine candidate. The mechanisms
of protection are not completely known but include the generation of antibodies that block
merozoite entry into red blood cells, inhibition of parasite growth and induction of parasite-
directed cellular immunity [5,8,10,11].

Inadequate knowledge about surrogate markers of protection against P. falciparum infection
has been a major obstacle to the rational design of malarial vaccines and has complicated
measurements of vaccine efficacy. Many studies have focused on antibody responses following
vaccination with blood stage vaccine candidates, but a better understanding of cellular
responses should assist in the development of more effective blood malaria vaccine candidates.

A number of publications have described techniques that can be used to evaluate the cellular
responses and kinetics of memory responses to immunogens in vaccinated human volunteers.
The IFN-γ ELISPOT is the most widely used technique [12–15]. Analysis of single-cytokine
intracellular detection by flow cytometry has been used as a preferred technique in recent
studies as well [12,14]. However, these analyses provide only a partial view of the quantitative
and qualitative aspects of antigen-specific T cell responses.

Recently, a study using the mouse model of leishmaniasis suggested that multifunctional
cellular responses may be important in the development of protective immunity. This study
showed that multifunctional CD4 T cells secreting IFN-γ, IL-2, and TNF-α may predict vaccine
efficacy, memory formation and may ultimately be required for mounting a protective immune
response [16]. This approach also has been applied to HIV infection [17] and vaccinia virus
immunization [18].

In addition to cytokine secreting T cell frequencies, the identification of memory T cell
populations elicited by vaccination would provide us with another parameter for measuring
vaccine immunogenicity. Our understanding of the heterogeneity of memory T cells that are
generated by natural infection and vaccination, based on phenotypic and functional markers
has advanced [19,20]. Effector memory T cells (Tem) migrate into tissues and produce
cytokines that regulate effector functions of the immune responses. These cells express high
levels of CD45RO but levels of L-selectin (CD62L) or the chemokine receptor CCR7 are low
(or absent). Central memory T cells (Tcm) migrate through lymph nodes and are like effector
memory T cells, but express high levels of the markers CD62L and CCR7. Naïve T cells also
express CD62L and CCR7 but, in contrast to central memory T cells, are CD45RO negative
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and CD45RA positive. Using flow cytometry, it is possible to identify these memory cell
subpopulations phenotypically and follow changes in these after vaccination.

The goal of this study was to perform a detailed characterization of T cell responses following
vaccination of naïve human volunteers with the malaria blood stage vaccine candidate AMA1.
We evaluated cellular responses using multiparameter flow cytometry and identified T cells
that produced IFN-γ, IL-2 and TNF-α or combinations of these cytokines, while delineating
the kinetics of AMA1-specific cytokine-producing T cell responses. We also assessed the
development of memory T cell responses, demonstrating the concurrent induction of central
and effector memory CD4 T cells after vaccination with AMA1. These data, derived using a
novel approach to the study of AMA1-induced T cell responses in humans, provide a basis for
assessment of the immunogenicity of blood stage malaria vaccines.

Materials and Methods
Study population and study sites

Samples for this study were obtained from volunteers participating in two phase 1 clinical trials
of AMA1 formulated with aluminum hydroxide (Alhydrogel™) conducted in the National
Institutes of Health Clinical Center (NCT00114010; www.clinicaltrials.gov; 3 enrolled
volunteers who completed the vaccination schedule) and the University of Rochester
( NCT00344539: www.clinicaltrials.gov; 7 volunteers selected randomly). All subjects
provided informed consent for samples collected for this study. Plasma of the volunteers was
obtained at the time of enrollment and tested for anti-AMA1 antibodies with standard ELISA
and showed they had no response to this antigen. The trials were conducted under an
Investigational New Drug (IND) applications held by the Regulatory Compliance and Human
Subjects Protection Branch and the Division of Microbiology and Infectious Diseases of the
National Institutes of Allergy and Infectious Diseases at the National Institutes of Health.
Related documents for both protocols were reviewed and approved by the National Institute
of Allergy and Infectious Diseases Institutional Review Board and the University of Rochester
Research Subjects Review Board.

Vaccination schedule and isolation of peripheral blood mononuclear cells (PBMC)
Blood samples were obtained from ten volunteers who were vaccinated with a combination of
the polymorphic forms of AMA1, FVO and 3D7 (equal mixture of FVO and 3D7 allelic forms
of the protein, by weight), designated AMA1-C1, formulated on Alhydrogel® on days 0, 28
and 56. In the study conducted at the NIH Clinical Center, 3 volunteers completed the
vaccination schedule, and cells obtained from apharesis procedures after each vaccination were
used to optimize flow cytometric methods; these samples also contributed to the analysis
dataset. A subset of 7 volunteers from the second protocol conducted at the University of
Rochester (NCT00344539: www.clinicaltrials.gov) [21] provided blood samples for analysis.
All volunteers had the same vaccination schedule (Fig 1A). PBMC were isolated from whole
blood collected one week after each vaccination and at additional time points up to day 140
post -vaccination according to the manufacturer’s protocol (BD Vacutainer® CPT tubes,
Becton Dickinson, San Jose, CA). PBMC were stored in liquid nitrogen in heat inactivated
fetal bovine serum (Gibco, Invitrogen Co. Carlsbad, CA) containing 8% dimethylsulfoxide
(Sigma-Aldrich Co., St. Louis, MO) until analysis.

Processing and in vitro stimulation of PBMC
Cells were thawed in RPMI 1640 (Gibco) containing 50U/mL DNAse (Benzonase® nuclease,
Novagen, WI), washed and resuspended in complete medium (RPMI 1640 containing 10%
heat inactivated fetal bovine serum, Invitrogen), and incubated at 37°C with 5%CO2 in air for
24 h without stimulation. Recombinant AMA1 was produced in Pichia pastoris under cGMP
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conditions [11], and tested at different concentrations to re-stimulate PBMC (2×106 cells/mL).
10μg/mL was the optimal re-stimulation concentration to distinguish specific responses
between vaccines and naïve volunteers. The mitogens phorbol myristoyl acetate (PMA) and
ionomycin (Sigma-Aldrich Co., St. Louis, MO) at concentrations of 10 ng/ml and 500 ng/mL,
respectively, were used as positive controls to assess maximal activation state or production
capacity (of cytokines) for each sample.

Antibodies and flow cytometry
Co-stimulatory antibodies CD28, CD49d and Golgiplug (BD Biosciences, San Diego, CA)
were added in the last 12 h of stimulation, as recommended by the manufacturers. The antibody
conjugates CD14-Pacific Blue, CD8 -PE Cy7, IFN-γ-Alexafluor 647, TNF-α-Alexafluor 700,
IL-5-APC, CD4-APC-Cy5.5, CCR7-PE, CD62L-FITC and CD45RO-APC were obtained
from BD Biosciences. The monoclonal antibody conjugates CD4-QDot 655, CD3-PE-
Alexafluor 610, IL-2-Alexafluor 488 and the live/dead fixable stain kit (ViViD) were obtained
from Invitrogen. Data acquisition was performed with an LSR II Cytometer (Becton
Dickinson). Fluorescent beads are run on each day of analysis as quality assessment of the LSP
II instrument; and compensation beads (CompBeads BD Biosciences) were used to determine
the compensation parameters of each fluorochrome. For the analysis 300,000 events were
acquired; non-viable cells (ViViD+) and monocytes (CD14+) were excluded, and lymphocytes
were gated with CD3. CD4 and CD8 were used to identify the two subpopulations of T cells
(Fig. 1B).

Data analysis
Flow cytometric data were analyzed using FlowJo version 8.7.1 (Tree Star, Inc), and SPICE
4.1.6 (developed by Mario Roederer, Vaccine Research Center, NIAID/NIH). One-way
ANOVA with Dunnett’s post test was performed for comparisons between pre-and post-
vaccination time points, using GraphPad Prism version 5.00 for Windows (GraphPad Software,
San Diego, CA USA).

Results
Kinetic analysis of ex vivo cytokine-producing CD4+ T cells

Experiments were conducted to determine the kinetics of the production of the cytokines of
interest and establish the best time interval of PBMC culture for detection of cytokines in T
cells. IFN-γ and IL-5 production in CD4 T cells was evaluated at 0, 24, 48 and 72 h after AMA1
re-stimulation. For both cytokines, a 72 h incubation showed the highest levels of cytokine
response to AMA1 re-stimulation by flow cytometry (Fig. 2A), with increases of 5 and 10 fold,
respectively, when compared to 24 h of stimulation. Cells from 3 different donors were
evaluated and all showed similar kinetics in two independent experiments. The stimulation
markers CD25 and CD69 were evaluated in in addition to cytokines in the same T cell
subpopulation, and our results indicated that 72 h-incubation showed the highest expression
of these markers among the time points studied (Fig. 2B). The pattern of cytokine production
is consistent with and similar to the patterns previously described for CD8 T cell cytokine
responses to SEB stimulation of human cells [22].

A subset of samples was tested for production of IL-5 with the recombinant forms of AMA1-
FVO and AMA1-3D7 separately, IL-5 production was comparable for both polymorphic forms
(Supplementary Table I). Subsequent experiments reported here, were carried out with an equal
mixture of the 2 polymorphic forms of AMA1 (AMA-C1) to re-stimulate, of the same source
and quality as the vaccine formulation.
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Frequencies of IL-5 producing CD4 T cells increase following vaccination
We determined the frequencies of IFN-γ, TNF-α, IL-2 or IL-5-cytokine-producing cells in the
10 PBMC samples stimulated with AMA1, to range from 0 to 4% of the total CD4 or CD8 T
cell subsets (absolute frequencies) based on flow cytometric analysis. For this analysis, the
frequencies of cytokine-producing populations were estimated after subtraction of values
obtained in unstimulated PBMC (Fig 3). No significant changes were detected in the
frequencies of IFN-γ-producing cells as a proportion of CD4 or CD8 T cells after vaccination
compared to pre-vaccination frequencies. High baseline values for TNF-α-secreting cell
frequencies were found in both CD4 and CD8 T cells as compared to other cytokines, but no
significant change followed vaccination. IL-2-producing cell frequencies doubled in both CD4
and CD8 T cells, but differences were not found to be statistically significant. IL-5-producing
cells were undetectable before vaccination but appeared after immunization, reached a peak
of 21% of total CD4 T cells one week after the third vaccination (Dunnett’s test, p<0.01), and
decreased to 12% of CD4 T cells by day 140. The higher frequency of IL-5 producing cells
indicated a predominant Th2 type response, while other cytokines did not show statistically
significant increases.

Th1 cytokine responses are also elicited by vaccination with AMA1 in CD4 or CD8 T cells
Recent reports suggest the importance of multifunctional Th1 cells in the establishment of
immune responses upon natural infection and vaccination to a number of infectious diseases
[23]. We used multiparameter cytometry to evaluate the production of the Th1 cytokines IFN-
γ, IL-2, and TNF-α in PBMC from 10 vaccinated volunteers, and identified populations that
produced combinations of these cytokines. Multifunctional Th1 cell analysis was carried out
in this study on Th1 cytokine producers which comprised less than 4% of total T cells. The
profiles of pre-vaccination (day zero) and post vaccination time points were compared after
subtraction of values obtained with unstimulated controls (the background). Comparing these
time points, our results indicated that both Th1 cytokine-secreting CD4 and CD8 T cells were
activated after vaccination and their cytokine profiles changed when re-stimulated in vitro with
AMA1, in terms of relative proportions of cytokine producing cells (Fig. 4).

Analysis of the relative frequencies of CD4 T cells producing combinations of these cytokines
revealed that TNF-α-secreting cells constituted the largest subpopulation of cytokine-secreting
cells; however, the size of this subpopulation gradually decreased and appeared to do so in
inverse proportion to an increase in the frequencies of IL-2-producing cells. TNF-α+IL-2+

(double-producing) cells constituted about 20% of the total CD4 T cells and although the
proportion of these cells increased after the first vaccination, at later points, only single IL-2-
producing cells were detected. Frequencies of IL-2-producing T cells increased after the third
vaccination and in some cases their frequencies approached more than 70% of Th1 CD4 T cell
responses. A modest increase in IFN-γ-producing cells was found only after the third
vaccination. The frequencies of sub-populations categorized as IFN-γ+ TNF-α+, IFN-
γ+IL-2+ and triple positive (IFN-γ+ TNF-α+IL-2+ cells) were negligible and did not change
after vaccination.

CD8 T cells producing only TNF-α constituted the largest subpopulation comprising ~45%
pre-vaccination response but diminished after vaccination to only 15% of CD8 T cells by day
140. IFN-γ-producing CD8 T cells constituted ~25% of CD8 T cell frequencies, but this
subpopulation increased after vaccination, reaching a peak on day 63 (50%) and then gradually
decreasing towards day 140. Frequencies of IL-2-producing CD8 T cells showed striking
increases similar to CD4 T cells. Of note, about 5% of CD8 T cells were IL-2+ TNF-α+ (double
positive), and 3% were IFN-γ+IL2+; the percentage of these double positive and triple positive
(IFN-γ+ TNF-α+IL-2+) cells remained low after vaccination (not shown).
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Multifunctional T cells produce more cytokine per cell than single cytokine producers
The median fluorescence intensity (MFI) of cytokines is directly related to quantitative
expression of cytokine content on a per-cell basis [16]. We compared the MFI in 8 PBMC
samples for each cytokine in all the combinations of cytokines analyzed and found that for
CD4 T cells, albeit low in frequencies, the MFI indicates that TNF-α and IL-2 content was 2.5
times higher in triple cytokine producers than in single producers. IFN-γ production was 3-
times higher in triple producers when compared to single IFN-γ producers (Fig 5). For IL-2,
double producers (IL-2+ TNF-α+) showed comparable amounts of IL-2 in terms of median
MFI as compared to triple producers (13846 versus 13029 MFI units). Similar analysis in CD8
T cells confirmed that triple producers produced significantly higher levels of IFN-γ, TNF-α
and IL-2 (data not shown). Evaluation after 3 vaccinations with AMA1 showed a hierarchy of
cytokine-producing cells, such that cells producing three cytokines produce more of each
cytokine than those that produce two cytokines, and the latter produce more cytokine than cells
producing a single cytokine. This finding was most consistent for IFN-γ expression.

T cell functionality as measured by integrated median fluorescence intensity (iMFI)
The integrated median fluorescence intensity (iMFI) is a parameter that accounts for both the
frequency of cells producing a given cytokine and quality of the cytokine response measured
by the median fluorescence intensity. It is determined by multiplying the frequency by the MFI
and has been suggested to be a better predictor of the overall effectiveness of the vaccine
[16,23].

We calculated iMFI for the three cytokines assessed in CD4 T cells before and after vaccination,
and determined the contribution of triple-, double-, and single-cytokine producers. We found
single IFN-γ producers contributed to about 70% of IFN-γ-producers prior to vaccination and
the remaining 30% was produced by IFN-γ+TNF-α+ CD4 T cells. However, following the first
vaccination, IFN-γ+TNF-α+ subpopulation increased to 45%. There were no triple-cytokine
producers (IFN-γ+TNF-α+IL-2+) before vaccination but IFN-γ in triple producers increased to
about 7% after the first vaccination (day 7) and further increased to 60% on day 140 (Fig. 6).
iMFI calculations over the course of vaccination indicated that IFN-γ production correlates to
the multifunctional characteristic of cells better than TNF-α and IL-2.

In contrast to IFN-γ and TNF-α, IL-2 was produced mainly by single-cytokine positive cells,
with 30% IL-2 production from TNF-α+IL-2+ CD4 T cells, as reflected by iMFI values. Less
than 10% of total IL-2 production was observed in triple-cytokine producers 7 days after the
first vaccination and remained at the same level until day 140 (Fig. 6).

TNF-α was the predominant cytokine in CD4 T cells, and in contrast to IFN-γ, single TNF-α
producing T cells accounted for more than 75% of the iMFI measurement. A similar iMFI
pattern was observed for TNF-α pre-vaccination and post-vaccination (data not shown).

Memory T cell development after AMA1 vaccination
Expression of CD45RO and CD62L markers in CD4 T cells indicated a comparable increase
in both effector and central memory subpopulations, as early as one week after the first
vaccination (Dunnett’s test, p<0.01; Fig. 7). Effector memory CD4 T cells (CD45RO+, CD62L
−) increased rapidly after vaccination, eventually representing about 20% of CD4 T cells and
were maintained up to day 140, the last time point analyzed. Central memory CD4 T cells
(CD45RO+, CD62L+) also showed significant increases after vaccination in a pattern similar
to that of effector memory T cells.
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Discussion
In this study we evaluated T cell responses to malarial antigens following vaccination with a
recombinant blood stage malarial antigen (AMA1) formulated with aluminum hydroxide.
Samples were obtained from two clinical trials, but the vaccination schedule, antigen
formulation, and study populations were essentially identical. Presence of anti-AMA1
antibodies was tested and found to be negative pre-vaccination, and 2 weeks after receiving
the second and third vaccination all volunteers responded to the polymorphic forms AMA1-
FVO and AMA1-3D7, as determined by both IgG antibodies and antigen-driven cytokine
secretion (Supplementary Table I). Here, we focused on T cell responses which were analyzed
using an approach that identifies multifunctional Th1 cells (producing IFN-γ, IL-2 and TNF-
α and combinations of these cytokines) as a novel readout of vaccine-elicited T cell
functionality for malarial antigens. Additionally we measured memory T cell subpopulations
following each of three immunizations with the malaria antigen in a naïve population. To our
knowledge, this is the first report detailing the development of malaria-associated
multifunctional T cells in Ag-naïve humans.

Cellular immunity against malarial antigens has been evaluated in earlier studies, including
proliferation and IFN-γ production by ELISPOT assay as measures of specific immune
responses [12–15]. Doubts have been expressed about the use of ex vivo IFN-γ ELISPOT data
as the most appropriate method for evaluating protective immune responses, since the
frequency of IFN-γ secreting cells usually wanes and may disappear within weeks [24,25].
Some investigators have suggested that IFN-γ ELISPOT assays performed on PBMC cultured
in vitro for 10 days may provide a better correlate for memory responses and protection against
malaria [25], but these assays only measure one cytokine. IL-2 is well known for its role in the
induction of T-cell proliferation and recent studies have shown that the frequencies of cells
that secrete a combination of IFN-γ and IL-2 were more closely associated than IFN-γ alone
with immunogenicity and establishment of memory in malaria [26], and other infectious
diseases [27,28]. Intracellular staining for IFN-γ-secreting cell frequencies in whole blood
samples have been utilized in the evaluation of responses to Bacillus Calmette-Guerin (BCG)
in studies of vaccines against tuberculosis [29]. However, the studies performed limited
analysis of cytokine secreting frequencies, focusing mainly on phenotyping of T cell subsets
by surface marker expresssion. Other studies have concluded that the frequencies of T cells
producing a combination of cytokines, chemokines and degranulation markers provide a better
measurement of a robust immune response that may correlate with efficacy in vaccines against
viral [18,30], bacterial [31,32] and parasitic infectious [16]. Our goal in the present study was
to characterize multifunctional T cell responses, with the hope of adapting the approach to
whole blood samples in the future, which would be useful in field studies of malaria vaccines.

Aluminum hydroxide has been reported to induce predominantly Th2-biased T cell responses
[33–35] and, consistent with this, we found absolute frequencies of AMA1 stimulated IL-5
producing CD4 T cells to be about 20-fold higher than IFN-γ, or 3 fold more than IFN-γ and
IL-2 (double-producing) cells. A recent report describing cellular immune responses to AMA1
vaccine formulated in Alhydrogel, showed increases in IFN-γ and IL-5 secretion, and a mean
ratio of ELISPOT frequencies of IFN-γ/IL-5 of 1.16. In contrast, they reported more Th1-
biased responses when the same antigen was formulated with Montanide ISA 720 or with AS02
as adjuvants [36]. The significance of the expansion of IL-5 producing T cells following
vaccination in humans is unknown, but in combination with IL-4, IL-5 may play an important
role in generation and regulation of antibody responses.

Our results evaluating Th1 cytokine-producing cells after in vitro AMA1 stimulation
demonstrated that triple-cytokine producers were very low in frequency, even after 3
vaccinations. Among double cytokine producers, the population with the highest frequency
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was the TNF-α+IL-2+ double-positive subpopulation in both CD4 and CD8 T cell populations.
Of the single cytokine producing cells, single TNF-α-producers had the highest baseline
frequency within CD4 or CD8 T cell populations as previously reported [37,38].

Although the absolute frequencies of total Th1 cytokine-producers showed no significant
changes after immunization, the proportions of Th1 cytokine producing responders revealed
an evolution that may represent differentiation or maturation of an immune response in both
CD4 and CD8 T cells (Fig. 4). In CD4 T cells, the relative frequency of single TNFα-producing
cells decreased whereas IL-2-producing cells increased strikingly from ~15% prior to
vaccination (baseline) to ~80% by day 140. A transient change was detected after first
vaccination where double positive TNF-α+IL-2+ producing cells increased. The proportional
frequency of this double positive cell population diminished, and may have later evolved to a
dominant population of single IL-2-producers. Previous studies found a clear relationship
between the role of IL-2 in cell proliferation and longevity of T cells and suggested that IL-2-
only secreting cells are typical of central memory T cells that persist after antigen clearance
[27]. It has been further suggested that TNF-α/IL-2 producing T cells and single-IL-2-
producing cells may constitute a “reservoir” population of memory T cells that can rapidly
proliferate and differentiate to effector T cells upon re-exposure to infectious agent [39,40].
Our findings are consistent with this model because of the high frequencies of these two
populations and detection of memory markers.

Comparison of MFI values one week after the third vaccination suggested a hierarchy of
cytokine secretion: triple cytokine-producing cells, albeit very low in absolute frequencies,
produced more cytokine on a per cell basis than double-producers and the latter produced more
cytokine than the single producers. This hierarchy is particularly consistent for IFN-γ
production. In an animal model of leishmaniasis the iMFI values (a product of MFI by
frequencies) calculated for IFN-γ correlated with protection [16]. In our experiments, AMA1
vaccination resulted in a striking change in iMFI values for CD4 T cells. These findings suggest
that analysis of the product of frequencies and MFIs may be a superior approach to evaluate
T cell responses to malarial vaccines or natural infection, since frequencies alone give an
incomplete picture of T-cell responses. Further studies with larger numbers of samples from
either case-controlled study during natural infection, or following vaccination and challenge,
will help us determine if such correlations exist.

Interestingly, our results indicated that in the CD8 T cell population, the proportion of IFN-γ
producing cells increased 5–6 fold after the first vaccination and, as in the CD4 T cell population
mentioned above, an expanded single-IL-2-producing population appeared later. Thus, CD8
T cells also underwent cytokine profile changes after AMA1 vaccination, although it has been
widely accepted that blood stage antigens are almost exclusively presented to CD4 T cells.
This finding may be explained by cross-presentation, a mechanism that involves uptake and
processing of exogenous antigens within the major histocompatibility complex class I pathway
[41]. Of note, De Rosa and colleagues found that hepatitis B virus (HBV) immunization in
humans may also induce significant CD8 responses, nearly identical in magnitude to CD4
responses [37]. Future cellular studies on malaria will help to confirm if other blood stage
malaria antigens are also capable of eliciting CD8 T cell responses.

We characterized the memory subpopulations based on CD45RO and CD62L expression.
Comparison of the expression patterns before and after vaccination indicates that both central
and effector memory responses are induced by AMA1 vaccination and that these memory
subpopulations are evident as early as one week after the first vaccination. Most of our
knowledge of the development of T cell memory is based on mouse models, particularly viral
infection models inducing CD8 memory T cells [42], while the maintenance and functional
characteristics of memory CD4 T cells are less clear. The appearance of both CD4 Tcm and
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Tem memory populations within 1 week of the first vaccination is consistent with a divergent
model of memory cell generation as suggested previously [43]. In a study using tetanus toxoid
re-immunization with a technical approach similar to ours, Tem could be identified as early as
5 days after re-immunization [44], indicating that once a specific memory population has been
established, rapid proliferation can occur upon to exposure to the target antigen. Malaria studies
focusing on memory T cell populations will be important to elucidate the role of these different
populations for protection, and to identify the determinants of longevity of memory responses.

In conclusion, we have demonstrated that AMA1/Alhydrogel® vaccination stimulates
multifunctional cytokine producing cells in both CD4 and CD8 T cell populations. We have
described the unique cytokine patterns induced by AMA1 vaccination, and also have shown
that Ag-specific memory T cells, both Tem and Tcm, develop soon after immunization and can
be detected in peripheral blood. These results demonstrate a successful new approach to the
evaluation of cell-mediated immunogenicity of blood stage malaria vaccine candidates, which
can be extended to other vaccine formulations with AMA1 and other parasite antigens. The
detailed analysis of cellular immune responses based on cytokine profiles and memory cell
development in this study enhances our ability to compare immune responses to specific
malaria antigens qualitatively and quantitatively both in naïve individuals and in children and
adults in malaria endemic areas.
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AMA1  

Apical membrane antigen 1

PBMC  
peripheral blood mononuclear cells

APC  
Allophycocyanin

Cy-5 or Cy-7 
Cy-chrome 5 or 7

Th1  
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T helper 1

Th2  
T helper 2

MFI  
Median fluorescence intensity

iMFI  
integrated median fluorescence intensity

PMA  
Phorbol 12-myristate 13-acetate

Tem  
Effector memory T cells

Tcm  
Central memory T cells

KO  
knock-out
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Figure 1.
(A) Study Design. AMA1-C1 (FVO+3D7) formulated with Alhydrogel® were administered
at a dose of 80 μg IM to healthy American volunteers. Black arrows on the top of the time line
indicate blood sampling time points in vaccinees. (B) The gating strategy for the analysis of
cytometry data. For PBMC, cell debris was excluded first (a), followed by exclusion of non-
viable cells and monocytes (b); the lymphocytes were identified (c), and CD4 and CD8 markers
were then used to identify two populations for further characterization (d).
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Figure 2.
Kinetics of CD4+T cell responses. (A) Ex vivo PBMC cytokine-secreting cell frequencies in
a representative subject are shown one week after receiving the third vaccination. PBMC were
thawed, stimulated with medium alone or AMA1 (10 μg/ml) for 24, 48 and 72 h; unstimulated
control cells cultured for 72h are shown for comparison. Plots for CD4 T cells producing
intracellular IFN-γ or IL-5 are shown at various times after in vitro stimulation. (B) Highest
expression of the activation markers CD25 (IL-2R) and CD69 in CD4 T cells was detected
after 72 h of stimulation with AMA1.
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Figure 3.
Absolute frequencies of CD4 and CD8 cytokine-producing T cells. PBMC of vaccinated
volunteers (n=10) were collected pre-vaccination and on days 7, 63 and 140 of the study. Cells
were stimulated with AMA1 for 72h, and intracellular staining for IFN-γ, IL-2, TNF-α and
IL-5 allowed determination of the frequencies of cytokine-producing populations. The
horizontal lines within the boxes indicate median values; the boxes indicate 95% confidence
interval, and the error bars indicate SEM. Pre-vacc: Pre-vaccination. Data are corrected for
background frequencies. * Significantly different from pre-vaccination frequency, Dunnett’s
test, p<0.01
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Figure 4.
Multifunctional T cell population patterns after vaccination. Proportion of CD4 and CD8 T
cells producing IFN-γ, IL-2, TNF-α, and their combinations were assessed after stimulation
with AMA1 antigen in PBMC (n=10) isolated on days 0, 63 and 140. Pie charts summarize
the relative proportion of the three cytokines in CD4 and CD8 T cells. Data are corrected for
corresponding background frequencies of unstimulated cells.
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Figure 5.
Median fluorescence intensity (MFI) of cytokines in CD4 T cells. Bars indicate the median
and standard errors of fluorescence intensity values in different populations of IFN-γ-, IL-2-,
and TNF-α-producing cells (n=8). Shown are the values obtained on samples collected one
week after the third vaccination (Day 63), following in vitro re-stimulation with AMA1. Triple
cytokine producers are shown in black bars, double cytokine producers in gray and single
cytokine producers in open bars.

Huaman et al. Page 17

Vaccine. Author manuscript; available in PMC 2010 August 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
IFN-γ and IL-2 production induced by AMA1 vaccination. The contribution of different
populations to total cytokine production is illustrated in pie charts, based on the iMFI values,
a calculated parameter that accounts for both the frequency of cells producing a given cytokine
and magnitude of the cytokine response reflected by the median fluorescence intensity. For
these data, PBMC obtained on day zero, 7 and 140 were re-stimulated with AMA1 for 72h,
then stained and analyzed (n=10).
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Figure 7.
Characterization of CD4 memory T cells elicited by AMA1 vaccination. (A) PBMC were re-
stimulated with AMA1 and cultured for 72 h, and then stained for markers of memory T cells
(defined by expression patterns of CD45RO and CD62L). Frequencies of
CD45RO+CD62L+ (representing Tcm) and CD45RO+CD62L− (representing Tem) are shown
as means with standard errors from 10 PBMC samples. * Significantly different of from pre-
vaccination frequency, Dunnett’s test, p<0.01. (B) Establishment of memory CD4 T cell
populations following AMA1 vaccination. Pie charts summarizing the effect of AMA1
vaccination show the proportion of central memory, effector memory and naïve T cells
(CD45RO-CD62L−) pre-vaccination and on day 63.
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