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Abstract
Plasmodium falciparum surface protein 25 (Pfs25) is a candidate for transmission-blocking vaccines
(TBVs). Anti-Pfs25 antibodies block the development of oocysts in membrane-feeding assays and
we have shown the activity correlates with antibody titer. In this study, we purified Pfs25-specific
IgGs to convert antibody titer to µg/mL and determined the amount of antibody required to inhibit
50 percent of oocyst development (IC50). The IC50 were, 15.9, 4.2, 41.2, and 85.6 µg/mL for mouse,
rabbit, monkey and human, respectively, and the differences among species were significant. Anti-
Pfs25 sera from rabbit, monkey and human showed different patterns of competition against 6 mouse
monoclonal antibodies, and the avidity of antibodies among four species were also different. These
data suggests that information obtained from animal studies which assess efficacy of TBV candidates
may be difficult to translate to human immunization.
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1. Introduction
Efforts to eradicate malaria have become the focus of the global community as malaria
continues to be one of the deadliest diseases in tropical and sub-tropical countries worldwide.
In 2006, there were estimates of 3.3 billion individuals at risk for developing malaria [1]. It is
estimated that 610, 000–1, 212,000 malaria related deaths occurred in 2006 of which, 91 percent
were in Africa and 85 percent of these were children under the age of five. The major cause of
morbidity and mortality is attributed to Plasmodium falciparum, causing approximately 360.5
million clinical cases annually in Africa [2]. Current interventions include insecticide treated
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nets, anti-malarial drugs, and indoor insecticide spray. Although vaccination against malaria
is considered to be the most cost-effective control method once applied, to date, only the RTS,
S vaccine has shown partial clinical protection in several phase 2 trials in Africa [3,4] and a
phase 3 trial is underway.

Transmission-blocking vaccines (TBV) are designed to induce antibodies in human hosts
against sexual stage malaria antigens [5]. The antibodies induced by a TBV are ingested by
Anopheline mosquitoes along with the blood meal and subsequently inhibit development of
the parasite in the mosquito host, resulting in the prevention of malaria transmission to another
human. Therefore, an effective TBV would be expected to lead to the elimination of parasites
in low transmission areas, and also prolong the lifetime of anti-malarial drugs by impeding the
spread of drug-resistant parasite strains [6]. Plasmodium falciparum surface protein 25 (Pfs25)
is a lead candidate for development of a TBV and one of only two TBVs which have been
tested in humans. Pfs25 is expressed on zygote and ookinete stages of parasites within
mosquitoes [7]. There is less sequence polymorphism in Pfs25 than other malaria vaccine
candidate molecules [8,9] as this molecule has not been under immune selection pressure
[10]. Numerous animal studies conducted by us and other investigators have shown that Pfs25
vaccination elicits antibodies which effectively block development of parasites in mosquitoes
judged by ex vivo membrane-feeding assay (MFA)[11–16]. A Phase 1 human trial of Pfs25
formulated with Montanide ISA 51 was conducted in malaria naive U.S. adults [17], and the
vaccine was shown to elicit functional antibodies.

We have also shown that the percent inhibition of oocyst density in the mosquito is a function
of antibody titer measured by enzyme-linked immunosorbent assay (ELISA) in previous
studies [13,15,17,18]. However, the level of anti-Pfs25 antibodies had been expressed in
arbitrary ELISA units, so it was impossible to compare the biological activities of anti-Pfs25
antibodies from different species on the same scale or interpret the results from other
laboratories in the context of efficacy assessment. Therefore, to overcome this limitation of
comparison (either among species or among laboratories), we converted anti-Pfs25 antibody
titers into a standard mass concentration read-out (i.e., µg/mL) for mice, rabbits, rhesus and
humans in this study. We analyzed the amount of anti-Pfs25 antibody required to inhibit 50%
of oocyst development (IC50) for each species, and demonstrated significant differences of
IC50 among species.

2. Materials and Methods
2.1 Animal sera

BALB/c mice, New Zealand White rabbits and rhesus monkeys (Macaca mulatta) were
immunized with Pfs25 formulated with several adjuvants including aluminum hydroxide
(alum), Montanide ISA720, ISA51 and Outer Membrane Protein Complex from Neisseria
meningitidis (OMPC). High ELISA titer sera were selected for preparing pools for each species.
Table 1 describes in detail the animal experiments and sera used for this study. Non-immunized,
normal sera were also collected for each species as a negative control. All animal studies were
done in compliance with National Institutes of Health (NIH) guidelines and under the auspices
of Animal Care and Use committee approved protocols.

2.2 Human sera
Details of a phase 1 study using Pfs25 formulated with Montanide ISA51 were described
elsewhere [17]. High ELISA titer sera were selected and 5 pools were made from 5 different
individuals. Table 1 describes sera used for this study. Normal serum from a malaria naive US
volunteer was also used as a negative control. The human trial was conducted under an
Investigational New Drug Application reviewed by the U.S. Food and Drug Administration,
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and was reviewed and approved by the Institutional Review Boards at the National Institute
of Allergy and Infectious Diseases, NIH and by the Committee on Human Research at the
Johns Hopkins Bloomberg School of Public Health Institutional Review Board. Written
informed consent was obtained from all participants.

2.3 Total and Pfs25-specific IgG preparation
Total and antigen-specific IgG purification followed procedures previously described [19],
with small modifications where Pfs25 protein was used for the affinity purification of antigen-
specific IgG. In brief, to obtain total IgG from the test serum, protein G purification columns
were prepared. The eluted IgG was collected and neutralized with neutralizing buffer (1M Tris-
HCl, pH 9). NHS-activated Sepharose 4 Fast Flow agarose matrix was coupled with Pfs25
antigen as instructed in the user’s manual. Pfs25-specific IgGs were purified from the total
IgGs and the eluted IgGs were neutralized with 1M Tris-HCl (pH 9). Buffer exchange was
carried out using 1XPBS in an Amicon Ultra-15 centrifugal filter device. Total and Pfs25-
specific IgGs were filtered using 0.22um Millipore UltraFree Centrifugal filter units. Total and
Pfs25-specific IgGs were concentrated and their protein concentration were determined (mg/
mL) using a spectrometer.

2.4 Standard ELISA, competition ELISA and avidity test
Standard ELISA procedure has been described elsewhere [20]. The ELISA unit value of a
standard was assigned as the reciprocal of the dilution giving an O.D. 405 = 1 in a standardized
assay. The absorbance of individual test samples was converted into ELISA units using a
standard curve generated by serially diluting the standard in the same plate.

For competition ELISA, 6 mouse monoclonal antibodies (mAbs: 4B7, 4F7, 1A6, 1G2, 4D10
and 2A7), which were diluted to 120 ELISA units, and 2-fold dilutions of rabbit, rhesus monkey
or human anti-Pfs25 serum starting with 1500 ELISA units were prepared. The mAbs and the
antiserum were mixed in 1:1 (vol.) ratio and the mixture was applied to a Pfs25-coated ELISA
plate. After 2 hours incubation, the plate was washed extensively and the mouse mAbs which
bound to the plate antigens were detected by goat anti-mouse antibodies conjugated with
alkaline phosphatase (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD). Other
procedures were the same as the standard ELISA, except the final readout was the actual OD
value, instead of ELISA units calculated from a standard curve.

To determine the avidity of anti-Pfs25 antibody, an avidity test was performed as described
elsewhere [19] with minor modification. In brief, 6 (mouse, rabbit and monkey) or 5 (human)
individual antisera were diluted to give around OD of 2.0. A 15-min incubation step with
varying concentrations of urea (from 0 to 10 M) was performed between the primary and
secondary antibody incubation steps. The concentration of urea resulting in 50% of the original
ELISA units (EC50) was calculated for each serum.

2.5 Membrane-Feeding Assay (MFA)
Membrane-Feeding assay was previously described in detail [21]. Briefly, test samples (either
serum, total IgG or Pfs25-specific IgG) from animals and humans were diluted and mixed with
a gametocyte culture of P. falciparum (NF54 strain). The mixture was fed to Anopheles
stephensi (Nijmegen strain) mosquitoes through a membrane feeding apparatus. Mosquitoes
were kept for 8 days and dissected to enumerate the oocysts in the midgut.

2.6 Statistical analysis
For each species, a conversion factor (mass concentration of antibody which gives 1 ELISA
unit) was estimated using a linear regression model and the variance of the log transformed
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conversion factors were estimated by a delta method [22]. To model a relationship between
the antibody level and the mean oocyst count per mosquito, we used a non-linear logistic-type
model allowing for random effects for individual feeds. Specifically, we model the expected
number of oocysts for the jth test sample on the ith feed, say E(Zij), when antibody is Xij (ELISA
units):

Where ui is the random effect for the ith feed, a is the Hill coefficient of the Hill model and
b is the antibody level needed to give 50% reduction in oocysts per mosquito (IC50). When
this model is written in terms of the percent inhibition of oocyst, it becomes the Hill model as
has been used previously [17]. We solved for the parameters using weighted least squares with
inverse weights proportional to means raised to a power parameter [23] and solved by iterating
with a Nelder-Mead algorithm [24]. To test for differences in IC50 by type of sample (sera,
total IgG or Pfs25-specific IgG sample) within species, we did a Monte Carlo permutation test,
where the test statistic was the sample variance of the 3 different IC50 values, so that a
significant difference would indicate significantly different IC50 by type of sample. To compare
IC50 across species, the IC50 in ELISA units was multiplied by the corresponding conversion
factor. We can treat the sum of the log (IC50) parameters and the log (conversion factor) as
normal using standard normality assumptions for the log of each parameter, and compare the
IC50 (in µg/mL) of all four species by a chi-square distribution with 3 degree of freedom,
followed by each pair comparison using a Z-test.

Avidity of antibody (EC50) in different species was compared by Kruskal-Wallis test, followed
by Dunn’s multiple comparison test.

All statistical tests were performed by R (version 2.9.1) or Prism 5, and probability values less
than 0.05 were considered significant.

3. Results
3.1 Conversion factor

To compare level of antibodies among species, we first made an attempt to convert arbitrary
ELISA units to a standard mass concentration scale (i.e., µg/mL). We affinity purified Pfs25-
specific IgGs, then determined ELISA units and protein concentration of each specific IgG.
Figure 1 demonstrates that there is a linear relationship between ELISA units and protein
concentration. Based on the linear regression analysis, we determined the conversion factor
(CF: mass concentration of antibody which gives 1 ELISA unit) for mouse, rabbit, monkey
and human as 40, 11, 17 and 45 ng/mL per 1 ELISA unit, respectively.

3.2 Determine IC50 in ELISA units
The MFA confirmed that Pfs25 antisera from all species blocked oocyst development in
mosquitoes (Fig. 2A–D). There was a strong correlation between ELISA units and oocyst
reduction activity for each species. To determine whether the purification procedures altered
the biological activity, we prepared sufficient volume of total IgGs and Pfs25-specific IgGs
from rabbit and monkey sera for testing by MFA. As shown in Fig. 2B and 2C, both total and
Pfs25-specific IgGs showed similar transmission-blocking activity when the ELISA units were
normalized. There were no significant differences in IC50 among sera, total IgG and Pfs25-
specific IgG samples for these two species by a permutation test (rabbit, p=0.235; monkey,
p>0.8). Thus for simplicity, a non-linear curve fit was applied including total and Pfs25-specific
IgGs data for rabbit and monkey. In case of mouse and human, only anti-Pfs25 serum data was
used to determine the IC50 in ELISA units.
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3.3 IC50 Comparison
IC50 in ELISA units was transformed into IC50 in µg/mL using a conversion factor for each
species (Fig. 2E). IC50 of rabbit was the lowest with 4.2 (95% Confidence Interval, 2.7–7.0)
µg/mL of anti-Pfs25 antibody. The mouse IC50 was 15.9 (95%CI, 13.3–19.0) µg/mL, the
monkey’s was 41.2 (95%CI, 33.9–50.1) µg/mL, while the human’s was 85.6 (95%CI, 58.1–
126.0) µg/mL. There was a significant difference of IC50 in µg/mL among the four species
(p<0.0001, chi-square test). When we compared the difference of IC50 between any two
species, there were significant differences for all combinations (p<0.0001 for all combinations
except for the case of monkey vs. human comparison, which was significant at p=0.0009).

3.4 Mechanisms responsible for the differences among species
To investigate the basis for the differences among the species, we first performed a competition
ELISA with mouse monoclonal antibodies (mAbs) against polyclonal anti-Pfs25 serum of
rabbit, monkey and human (Fig. 3). Five of the mAbs have shown transmission-blocking
activities in MFA (4B7, 4F7, 1A6, 1G2 and 4D10) and the other mAb (2A7) only recognize a
reduced Pfs25 protein and has no activity in MFA (data not shown). A fixed amount of mouse
mAbs was tested with 2-fold dilutions of polyclonal anti-Pfs25 serum as competitors. The O.D.
value reflects only the mouse mAbs bound to Pfs25 antigen on the ELISA plate. The patterns
of competition were different depending on the mAb tested and the species of the antiserum.
For all mAbs, the monkey antiserum competed most effectively, while rabbit and human
antisera varied depending on the mAb. For 4B7 (Fig. 3A), rabbit antiserum was the least
competitive and human antiserum was middle. For 4F7 (Fig. 3B) and 1A6 (Fig. 3C), human
was the least and rabbit antiserum was intermediate; rabbit and human antisera were similar
for 1G2 (Fig. 3D) and 4D10 (Fig. 3E). The pattern of competition against 2A7 (Fig. 3F) was
similar to the case of 4B7. The same dilution of normal rabbit, monkey or human serum did
not change the OD values of the mouse mAbs in this assay (data not shown).

Second, we examined avidity of antibodies for each species. There was a significant difference
in EC50 among the four species (p=0.0022, Kruskal-Wallis test), and the EC50 in rabbit was
significantly higher than that in mouse and monkey.

4. Discussion
This is the first study to compare directly the functional activity (IC50) of antibodies to a single
transmission-blocking vaccine candidate tested in various species. We report here that anti-
Pfs25 antibodies from mouse, rabbit, monkey and human require significantly different
amounts of antibody to inhibit 50 percent of oocyst development (IC50) in the MFA. The
IC50 of mouse was 15.9 µg/mL while, rabbit, monkey and human, were 4.2, 41.2, and 85.6 µg/
mL, respectively.

An ELISA unit is an arbitrary number and 1 ELISA unit in one species is not the same amount
of antibody as 1 ELISA unit in other species. This is primarily due to the use of different
secondary antibodies. Therefore, converting ELISA units to mass concentration (i.e., µg/mL)
is necessary to compare IC50 among species. In order to convert ELISA units to mass
concentration, Pfs25-specific IgGs were affinity purified from immunized mouse, rabbit,
monkey and human sera. One potential caveat of this method was that the quality of Pfs25-
specific IgGs (with which we determined the CFs) might be different from the original antibody
in serum (with which we determined IC50 in ELISA units). As shown in Fig. 2, purified total
and Pfs25-specific IgGs had the same biological activity as anti-Pfs25 sera at the same ELISA
units in case of rabbit and monkey. Because only a limited volume of antiserum was available
for mouse and human, we did not perform MFA with mouse and human total and/or Pfs25-
specific IgGs in this study. However, we have shown with human antibody against another
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malaria antigen that the purification process did not change the biological activity judged by
an in vitro growth inhibition assay [19]. These data suggest that the purification process did
not affect (denature) the antibodies. Hence, we believe it is valid to calculate IC50 for each
species in ELISA units, and then convert the IC50 to µg/mL using CFs.

In previous study [17], we reported IC50 as 1093 (95%CI, 683–1565) ELISA units, and the
number differs from the one calculated in this study. In the Hill model formulation used in the
previous study, we didn’t consider feed-to-feed variation (i.e., the differences in percent
inhibition that could result if the same sample was tested in a different day on a different feed
experiment). On the other hand, as described in Materials and Methods section, the new model
allows random effects for individual feeds (i.e., includes a feed-to-feed variation effect).
Therefore, we believe the new model provides better estimate of IC50 values.

In this study, we demonstrated that the IC50 are statistically different among species. We
hypothesized that the difference (or part of it) is due to different recognition of Pfs25 epitopes
among species and/or avidity of antibodies. To test the hypothesis, we first performed
competition ELISA using 6 mouse mAbs to Pfs25. Five of the mAbs (4B7, 4F7, 1A6, 1G2 and
4D10) have shown transmission-blocking activities in MFA and the other mAb (2A7) has no
activity in MFA (unpublished data). While, specific epitopes recognized by these mAbs were
not known, beside 4B7, they have different strength of transmission-blocking activities in
MFA. Fixed amounts of mouse mAbs were tested against several concentrations of polyclonal
anti-Pfs25 serum from rabbit, monkey and human. Although all of the polyclonal antibodies
inhibited binding of all 6 mouse mAbs tested, the competition patterns were different. The data
suggest that each species recognizes Pfs25 epitopes in a distinct manner. Second, we measured
avidity of antibodies for the four species. As shown in Fig 4, rabbit antibodies, which show
the lowest IC50 in MFA, show the highest avidity to Pfs25 antigen. On the other hand, human
antibodies, which show the highest IC50 in MFA, show lower avidity compared with rabbit,
but similar level as mouse and monkey antibodies. These data suggest that avidity of antibody
may contribute to the difference in IC50, but cannot explain all of the mechanistic differences
among species.

One possible mechanism that might contribute to the difference in IC50 values was quality of
antibody; i.e., antibody induced by vaccines with different adjuvants and/or different serum
collection days. This possibility was dismissed because 1) rabbit and monkey studies were
conducted with Pfs25 formulated with two different adjuvants in each species (Table 1), but
all data points follow a single dose-response curve within a species (Fig. 2A–D); 2) there was
no obvious impact of the bleed days on the transmission-blocking activity measured by MFA
for all 4 species (Fig. 2A–D). Our previous study also showed that antibody concentration
alone was the major determinant of the transmission-blocking activity, regardless of adjuvant
used or time after immunization [15]. One could also speculate that differences in IgG
subclasses might also contribute to the differences in IC50, but we did not investigate it in this
study where we are comparing IC50 in mouse, rabbit, rhesus monkey and human. The reasons
are 1) there is no IgG subclass (rabbit) or no commercially available reagents to detect
subclasses (rhesus monkey), and 2) there is no direct matching of subclasses between mouse
and human in functionality (e.g., mouse IgG2a is not exactly same as human IgG1, etc). One
may consider another hypothesis that a difference of proportion of Pfs25- specific IgG in total
IgGs causes the difference in IC50. However, we believe it is unlikely, because 1) while it is
true that mouse and rabbit usually showed a higher proportion of specific IgG in total IgG,
Pfs25-specific IgGs is less than 10% in most of the cases (usually less than 5%) of total IgG
regardless of species (data not shown). This means that more than 90% of antibodies in MFA
test samples are non-specific antibody in most cases, except when we tested purified Pfs25-
specific antibodies. Moreover, 2) in each species, it is usual to see a more than 20–30 fold
difference of Pfs25 antibody level among serum samples. In those cases, the proportion of
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specific antibody would also have very large fold-changes, assuming the amount of total IgG
does not change as drastically. However, all data points in the same species follow a single
dose-response curve (Fig.2A–D), which indicates that there is no qualitative difference among
samples in the same species even when they have a totally different proportion of specific
antibody. Taken together, it seems difficult to explain the IC50 differences among the species
only by a single mechanism. Further study is required to uncover all the factors responsible
for the IC50 differences.

In general, two different endpoints have been utilized to express transmission-blocking
activity: 1) a reduction in the oocyst density per mosquito (% inhibition of oocysts, which is
used in this paper) or 2) an increase in the proportion of mosquitoes that have no parasites (%
inhibition of infected mosquitoes). The latter is thought to be the best predictor of vaccine
efficacy under field conditions, as it is suggested that one oocyst contributes to a number of
sporozoites [25]. However, we choose to use % inhibition of oocysts in this study, because the
number of oocysts per mosquito in this experimental setting is different from field conditions.
In direct mosquito feed assays where mosquitoes fed on blood directly from malaria patient's
skin [26–28] or in a study where mosquitoes were caught in the field [29], most of the
mosquitoes had less than 5–6 oocysts for each. On the other hand, the average number of
oocysts per mosquito in a control group varied between study to study in our MFA: ranging
from 1 to 300 oocysts per mosquito with an average of 34.4 (95%CI, 33.0–35.8) for all control
groups in this study. The level of antibody that requires reducing oocyst numbers from 1 to 0
is much lower than the amount of antibody required for reduction from 300 to 0, so even though
the same sample is tested, % inhibition of infected mosquitoes may change depending on the
number of oocysts in the control. Technically it is very difficult to maintain the average number
of oocysts per mosquito in a control feed. In addition, reducing number of oocysts in a control
may be problematic; van der Kolk et al have shown that a minimum of 35 oocysts per mosquito
in control feeds gave optimal reproducibility between experiments [30]. Similarly, we observed
that if the average number of oocysts per mosquito in the control feed was lower than 4,
reproducible results were not obtained (unpublished data). Although these two readouts are
different, Medley et al have shown that there is a significant correlation between intensity of
oocysts and percent of infected mosquitoes [31]. In addition, we have shown that % inhibition
of infected mosquitoes can be reasonably estimated from intensity of oocysts in a control feed
and the degree of oocyst reduction (calculated from % inhibition of oocysts) of a test sample
[15]. Therefore, determining antibody levels giving 50% reduction of oocyst numbers per
mosquito, instead of 50% reduction of infected mosquitoes, in MFA is valuable for evaluating
the efficacy of a TBV candidate.

This study suggests that information obtained from animal studies which assess efficacy of
TBV candidates may be difficult to translate to human immunization. More importantly,
although the value of IC50 determined in this study might be different when other investigators
use other Pfs25 antigens and/or other TBV candidate antigens (e.g., Pf48, Pf230, etc), the
methodology described in this paper can be applied not only to Pfs25-based vaccines, but also
to other antigen-based TBV. By determining IC50 in µg/mL, results from different species,
antigens and/or laboratories can be compared on the same scale. Therefore we believe this
study supports and facilitates future TBV development.
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Fig. 1.
Relationship between ELISA units and mass concentration of Pfs25-specific IgG in each
species. Pfs25-specific IgG from mouse (A) rabbit (B), monkey (C) and human (D) antisera
were prepared and ELISA units (x-axis) and mass concentration (y-axis) were measured for
each IgG preparation. Individual data points (close circles) and the best-fit line (dotted line)
for each species are shown.
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Fig. 2.
Biological activity of mouse, rabbit, monkey and human anti-Pfs25 antibodies judged by MFA.
(A–D): Anti-Pfs25 antisera (open circle) from mouse (A), rabbit (B), monkey (C), and human
(D) were tested by MFA. Total IgGs (open reverse triangle) and Pfs25-specific IgGs (open
squire) from rabbits and monkeys were also tested by MFA. The amount of anti-Pfs25 antibody
in the membrane feeder (x-axis) is plotted against % inhibition of oocysts (y-axis). Individual
data points represent % inhibition of a test sample, regardless of whether multiple samples
were tested against a single control in the same feeding assay or a single sample was tested
against a single control. A line represents the best-fit curve of the data for each species taking
into consideration feed-to-feed variation as described in Materials and Methods section. (E):
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the amount of Pfs25 antibodies (µg/mL) required to inhibit 50 percent of oocyst development
(IC50) in the MFA is shown for each species with the 95% confidence interval. There is a
significant difference of IC50 among the four species (p<0.0001, by chi-square test)
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Fig. 3.
Competition ELISA with mouse monoclonal antibodies against rabbit, monkey, or human anti-
Pfs25 serum. A fixed amount of mouse monoclonal anti-Pfs25 antibodies 4B7 (A), 4F7 (B),
1A6 (C), 1G2 (D), 4D10 (E) and 2A7 (F) were tested with 2-fold dilutions of anti-Pfs25 serum
from rabbit, monkey and humans. The amount of Pfs25-specific antibodies in the diluted serum
(competitor) is shown on the x-axis and the O.D. value from the individual mouse monoclonal
antibody is shown on the y-axis. The mean and standard deviation were calculated from two
independent experiments. For some data points, the standard deviations are too small and are
not visible.
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Fig. 4.
Avidity of anti-Pfs25 antibody. The avidity of anti-Pfs25 antibody was tested using 6 (mouse,
rabbit and monkey) or 5 (human) individual antisera by incubating ELISA plates with
increasing concentrations of urea. The EC50 of individual samples and the median of each
group are shown. The EC50 in different species was compared by Kruskal-Wallis test, followed
by Dunn’s multiple comparison test (*, P<0.05; **, p<0.01).
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Table 1

Details of mouse, rabbit, monkey, and human sera used in this study

Species Adjuvant Dose
(µg)

Immunization
(days)

Bleeda
(days)

Mouse ISA51 1, 3, 10 0, 28 42

Rabbit ISA720 120 0, 28 42–100

ISA51 40, 120 0, 28 42–100

Monkeyb OMPCc/Alum 4 0, 70 72–308

OMPC/Alum 40 0, 70 72–308

ISA51 40 0, 70 72–308

Humand ISA51 5 0, 120 134–556

a
only days for samples used in this study

b
details of the study are described in [13]

c
OMPC – Outer Membrane Protein Complex from Neisseria meningitidis

d
details of the study are described in [17].
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