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Individuals living in regions where malaria is endemic develop an acquired immunity to malaria which
enables them to remain asymptomatic while still carrying parasites. Field studies indicate that cumulative
exposure to a variety of diverse Plasmodium parasites is required for the transition from symptomatic to
asymptomatic malaria. This study used a simulation model of the within-host dynamics of P. falciparum to
investigate the development of acquired clinical immunity under different transmission conditions and levels
of parasite diversity. Antibodies developed to P. falciparum erythrocyte membrane protein 1 (PfEMP1), a
clonally variant molecule, were assumed to be a key human immunological response to P. falciparum infection,
along with responses to clonally conserved but polymorphic antigens. The time to the development of clinical
immunity was found to be proportional to parasite diversity and inversely proportional to transmission
intensity. The effect of early termination of symptomatic infections by chemotherapy was investigated and
found not to inhibit the host’s ability to develop acquired immunity. However, the time required to achieve this
state was approximately double that compared to when no treatment was administered. This study demon-
strates that an immune response primarily targeted against PfEMP1 has the ability to reduce clinical
symptoms of infections irrespective of whether treatment is administered, supporting its role in the develop-
ment of acquired clinical immunity. The results also illustrate a novel use for simulation models of P.
falciparum infections, investigation of the influence of intervention strategies on the development of naturally
acquired clinical immunity.

Plasmodium falciparum malaria is a common disease in
many tropical countries. The majority of clinical P. falciparum
cases are uncomplicated, but some individuals will develop
complications, including severe anemia, coma, and death (24).
These complications are more prevalent in populations such as
the young, pregnant women, and nonimmune adults. Residents
of regions where malaria is endemic acquire partial immunity
to the disease that reduces the frequency of clinical attacks,
although not necessarily reducing parasite prevalence (14).
This antidisease immunity is not sterile and requires continual
boosting. The age at which acquired immunity becomes evi-
dent varies depending on the level of exposure, with higher
exposure resulting in earlier development of clinical immunity
(26). Children living in areas of high endemicity experience less
frequent episodes of malaria after the age of 5 years (26), while
people in areas of hypoendemicity may never develop clinical
immunity. Since clinical immunity to malaria is highly strain
specific (30, 37), the speed with which immunity develops is
inversely correlated to the size and diversity of the parasite
population. It has also been shown that the rate of the devel-
opment of clinical immunity correlates with the length of in-
fection; asymptomatic status is reached sooner when the infec-
tions are longer (30).

Asexual malaria parasites exist in two distinct stages within

the human host, a developmental stage in hepatocytes and the
blood-stage parasites. Immune responses are developed to
both stages (7, 31, 35), but long-term antidisease immunity has
been linked to exposure to blood-stage parasites (36). During
blood-stage infections, parasites insert a number of proteins
into the membranes of infected erythrocytes (15). Although
many of these proteins are immunogenic (8, 13, 16), the grad-
ual development of acquired immunity and its reliance on
repeated exposure suggest that proteins that undergo antigenic
variation may be fundamental to the development of acquired
immunity (9, 27). P. falciparum erythrocyte membrane protein
1 (PfEMP1) is the best characterized of these proteins.

PfEMP1 is a clonally variant protein encoded by �60 var
genes per parasite (17). The development of specific antibody
responses to PfEMP1 variants occurs after exposure to para-
sites expressing those variants (10, 20, 21), with sera from
individuals from regions where malaria is hyperendemic able
to recognize many variants (12, 28).

Some of the intervention factors potentially affecting the
development of clinical immunity have been investigated.
While the effect of insecticide-treated bed nets is relatively
easy to investigate in field studies (1, 36), other factors such as
repeated chemotherapy are not as easily assessed in field stud-
ies due to ethical considerations. In these circumstances, math-
ematical modeling is one of the few tools available to investi-
gate the effect that various intervention measures may have on
the development of acquired immunity.

This study explores the development of acquired clinical
immunity with a computer simulation model of P. falciparum
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infections within individuals. The immune response incorpo-
rated is skewed towards the production of anti-PfEMP1 anti-
bodies and demonstrates that clinical immunity develops with
repeated exposure to a variety of parasites. The time required
to develop this immunity was found to be proportional to
parasite diversity and inversely proportional to transmission
intensity, features commonly found in field studies. Simulation
of repeated chemotherapy of symptomatic infections indicated
that clinical immunity took almost twice as long to develop as
in infections where no treatment was provided. This study
demonstrates that an immune response primarily targeting
PfEMP1 has the ability to reduce clinical symptoms of infec-
tion irrespective of whether treatment is administered, sup-
porting its role in the development of acquired clinical immu-
nity.

MATERIALS AND METHODS

Model. The simulation model reported previously (19) was used to mimic the
within-host dynamics of P. falciparum infections. A 48-h time step is used in the
model in line with the replication cycle of the parasite. Because this model was
developed and calibrated with data from malaria-naïve hosts, several amend-
ments were made to the assumptions of the model in order to incorporate
repeated infections and the corresponding immune responses. These changes are
summarized below, with details of the model given in Fig. 1.

The model incorporated three types of immune responses; a nonspecific im-
mune response that is responsible for the development of symptoms such as
fever, a clonal immune response that is parasite specific and acts to reduce the
net replication rate of the parasites, and an anti-PfEMP1 antibody immune
response. The anti-PfEMP1 antibody response is produced after the number of
parasites expressing a specific variant exceeded a given threshold and the cor-
responding time lag had elapsed. This time lag incorporated the time required
for the stimulation and development of antibody. When a PfEMP1 variant had
not previously elicited an immune response within the host, the threshold was
assumed to be 12 parasites/�l, based on field data that antibody is produced prior
to or about the time that clinical symptoms develop (27). A lag of 7 days was used
between the triggering and the production of antibody. Following basic immu-
nological principles that secondary antibody responses are triggered more rapidly
with less antigen, these values were reduced to 6 parasites/�l and 2 days, respec-
tively. The model assumed limited cross-reactivity between anti-PfEMP1 anti-
bodies with antibodies to a given variant killing approximately 5% of parasites
expressing other variants.

The function describing the clonal immune response consisted of two compo-
nents. The first represented the response to conserved malaria antigens, and the
second was a response to the antigens presented by a particular parasite geno-
type. Both components act to reduce the number of merozoites that survive one
complete replication cycle, causing a reduction in the effective growth rate of the
parasites. The first component develops during the initial infection and is main-
tained through subsequent infections, while the second component is assumed to
be unique to each parasite genotype and is triggered by each new infection.
Immune responses to parasite antigens other than PfEMP1 were grouped under
this immune response.

To simulate infections by different parasites, it was assumed that there existed
a pool of PfEMP1 variants (each encoded by a var gene) within the parasite
population. Although it has been hypothesized that strong immune pressure is
likely to result in independently transmitted strains (22), molecular studies of
PfEMP1 support an alternative scenario of frequent gene recombination (38)
occurring in randomly mating P. falciparum parasites (2). This scenario of fre-
quent and random recombination of var genes is assumed in the model. The var
genes within the population were assigned to one of two groups; 20% formed a
fast-switching group, while the remaining 80% of the genes were classified as
slow switching. The overall switch rate and the range of switching rates within the
fast and slow groups were reported previously (19), but the probabilities of
switching for each gene were adjusted to account for the large number of genes
in the population compared to within one parasite. Fifty var genes were randomly
selected from those in the population for each infecting parasite. This random
allocation caused the characteristics of each parasite to differ, particularly with
respect to the number of fast-switching variants in its genome.

Infections were initiated in the model based on a specified infection rate. Prior
to simulating the first infection, the model randomly assigned the days on which

infection occurred based on the nominated infection rate. This was done by
comparing random numbers to the infection rate and declaring that an infection
started on the designated day if the random number was less than the infection
rate. If this was not the case, the process was repeated for the next infection
period (48 h later). The first infection always commenced on day 0, with subse-
quent infections starting on the allocated days. Up to five infections were per-
mitted to commence on the same day, and there was no limit on the number of
superinfections permitted within the host at one time. The model initially as-
sumed a malaria-naïve host with no existing immunity.

Treatment was incorporated into the model by terminating all infections
within the host when a fever occurred. It was assumed that every treatment was
100% effective and that no drug resistance was present.

The aim of this study was to investigate the onset of clinical immunity. For this
purpose, clinical immunity was defined as existing when less than 5% of simu-
lations had more than 1 day of fever (as defined in reference 19) in the first 30
days after an infection commenced. This definition allowed an immune person to
develop an occasional fever.

Simulations. Simulations were conducted for a variety of infection rates; the
average intervals between infections were 14, 30, 60, 90, 150, and 200 days. The
effect of parasite diversity was incorporated by changing the number of var genes
present within the parasite population (500, 1,000, 1,500, and 2,000). Under the
random-mating assumption, a population with 500 var genes (or PfEMP1 vari-
ants) would have originated from 10 unique parasite clones, while a pool of 2,000
variants would have originated from 40 unique parasite clones.

Each simulation mimicked up to 100 consecutive infections within the same
host over a period of �20,000 days. The actual duration of the simulation varied
depending on the specific infection rate, but all simulations were conducted for
periods in excess of the time required for 95% of the last simulated infections to
terminate. Simulations were conducted for two extreme situations: when no
chemotherapy was administered during the simulation period, and when chemo-
therapy was applied whenever a fever was detected.

We conducted 500 simulations of the model for each of the 24 diversity-
transmission combinations. From each simulation, a number of summary vari-
ables were extracted, including the number of days with parasite densities of
�1,000 and �10,000/�l, length of the infection (days), number of days with a
fever (as defined in reference 19), and maximum parasitemia. Data for all
variables were obtained from model output for the 30 days following each
infection and categorized by the infection number. An additional summary
variable, the proportion of simulations in which an infection developed success-
fully (lasted �10 days) was calculated for each infection. A regression equation
of the form y � y0 � a/{1 � exp[�(x � x0)/b]}, where x is the infection number,
y is the proportion of infections that developed successfully, and a, b, x0, and y0

are fitted constants, was fitted to these data by using SigmaPlot (version 4.00;
SPSS Inc.) to obtain an estimate of the asymptote (y0) for the proportion of
infections that developed successfully.

RESULTS

Simulations with no chemotherapy. The number of occur-
rences of fever decreased with increasing infection number for
all diversity-transmission combinations examined (Fig. 2). This
pattern was also noted for the number of days with parasite
densities of �1,000 and 10,000/�l (Fig. 2) and maximum par-
asitemia (data not shown).

The number of infections required before immunity devel-
oped increased with parasite diversity and transmission rate.
However, the average time taken to achieve clinical immunity
(number of infections multiplied by transmission rate) de-
creased with increasing transmission (Fig. 3). At the onset of
clinical immunity, between 34 and 70% of the simulations had
no fever associated with infection. The highest values (67 to
70%) were associated with infections occurring every 14 days
on average, even though superinfection was common at this
transmission level. The lowest rates (34 to 39%) corresponded
to less frequent infections occurring on average every 200 days.

Once immunity was established, all diversity-transmission
combinations indicated that not every infection that was initi-
ated developed into a successful blood-stage infection lasting
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FIG. 1. Flowchart of the simulation model used to mimic the within-host dynamics of P. falciparum infections. Bi(a,b) represents the use of a
binomial distribution with sample size a and probability b. When a was large, a normal distribution was used as an approximation of the binomial.
N(a,b) represents the use of a normal distribution with mean a and standard deviation b. Ab, antibody; NSI, nonspecific immunity.
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more than 10 days. The highest proportion of successful infec-
tions (0.98) was associated with the combination of largest
parasite diversity and lowest transmission rate. Conversely, the
low-diversity and high-transmission setting provided the lowest
success rate (�0.70). The proportion of infections that failed
to develop almost perfectly reflected the ratio of the number of
circulating anti-PfEMP1 variant antibodies within the host to
the total number of var genes within the population. For the
highest infection rate considered (one infection approximately
every 14 days), a regression model was not fitted to the pro-
portion of successful infections because the proportion of suc-
cessful infections oscillated over time. These oscillations were
greatest when combined with the lowest values of parasite
diversity. This feature is primarily due to infections generating

anti-PfEMP1 antibodies to a large proportion of the PfEMP1
variants within the population in a short time, causing the
subsequent number of successful infections to decrease. Since
most of these antibodies are developed over a relatively short
period, they tend to wane at approximately the same time,
which leaves the door open for new infections. These new
infections again create a burst of antibody activity, and the
cycle repeats itself.

Effect of chemotherapy on development of immunity. Simu-
lations investigating the effect of repeated chemotherapy on
the development of clinical immunity were only conducted at
infection rates of one infection every 30 and 60 days. To com-
pare the rate of development of clinical immunity between
untreated and treated populations, the proportion of infections

FIG. 2. Sample of output from 500 simulations with an infection approximately every 60 days and a population of 1,000 var genes. A) Number
of fever occurrences, B) number of days with parasite density of �1,000/�l, and C) proportion of infections that were successful as blood-stage
infections lasting more than 10 days. Shaded regions in A and B represent the interquartile range of the simulated data; dots represent the 5th
and 95th percentiles. In C, the line represents the fitted regression model with an asymptote of 0.87.

VOL. 72, 2004 MODELING ACQUIRED IMMUNITY TO MALARIA 6541



occurring with no fever in the untreated population was com-
pared to the proportion of infections not requiring treatment
in the treated population (since chemotherapy was adminis-
tered whenever a fever presented) (Fig. 4, Table 1). In every
case, the treated population showed a trend of decreasing
treatment rate with increasing number of infections. However,
the proportion of infections with fever requiring treatment (in
the treated population) was always more than the number of
fever occurrences in the untreated population. On average, the
time required for 60% of simulations to not require treatment
was double that for an equivalent immunological state to be
achieved in the untreated population (Table 1).

DISCUSSION

The development of acquired clinical immunity is an impor-
tant feature of P. falciparum malaria because it reduces the
frequency of symptomatic episodes and thus disease-associated
morbidity and mortality. It is generally accepted that the grad-
ual development of this immunity is directly related to the
requirement that the host’s immune system be repeatedly ex-
posed to a wide variety of diverse parasite antigens. The de-
velopment of immunity is therefore related to the transmission
intensity and diversity of parasites. These two parameters often
have a direct correlation, i.e., high transmission intensity is
accompanied by a large parasite population repertoire with
high diversity. The combined effect of these parameters on the
speed of immunity development was the focus of this theoret-
ical investigation. The outcome of the modeling indicated that
increasing parasite diversity by increasing the number of
unique PfEMP1 proteins within a population increases the
time required to achieve immunity irrespective of transmission
intensity. This is an intuitively obvious result if one assumes
that disease occurs as a result of holes in the antigenic reper-
toire recognized by the host. Likewise, the model output indi-
cated that increased transmission intensity decreased the time
until acquired immunity developed. This result is supported by
field observations of differences in the age when acquired im-
munity develops between areas of different transmission inten-
sity (26), with older ages predicted under low-transmission-
intensity conditions.

Although transmission intensity and parasite diversity both
impact on the time required before immunity develops, para-
site diversity was predicted to have a larger influence than
transmission rate. For instance, a 20% increase in diversity
(with transmission intensity remaining constant) was predicted
to increase the time required to develop immunity by between
�13 and 38%, depending on the initial level of diversity and
transmission. In comparison, a decrease of 20% in the trans-
mission rate (keeping diversity constant) increased the pre-
dicted time to immunity by �5 to 18%.

The parameters used in the model were calibrated based on
infections of neurosyphilis patients with the P. falciparum El
Limon and Santee Cooper parasite strains. The relationship
between this parameter set and the characteristics of field
isolates remains to be determined, but it has already been
noted that differences exist in the pyrogenic thresholds (18),

FIG. 3. Relationship between parasite diversity (size of the var
gene pool) and transmission rate (expressed as the average number of
days between infections) and the time (years) required to develop
clinical immunity (contours) in the absence of chemotherapy.

FIG. 4. Comparison of the number of infections without a fever
(untreated population; dotted line) and the number not requiring
treatment (treated population; solid line) for an infection rate of one
infection every 60 days and a population of 1,000 var genes.

TABLE 1. Number of infections required before 60% of
simulations do not have a fever associated with infection

or do not require chemotherapy for the untreated
and treated populations, respectively

No. of var
genes in

population

Avg interval
between

infections
(days)

No. of infections (time in
yrs) required for �60%
of simulations to have

no fever or require
no treatment

Increase in time
to reach 60%

thresholda

(-fold)

Untreated Treated

500 30 21 (1.7) 45 (3.7) 2.2
60 19 (3.1) 36 (5.9) 1.9

1,000 30 45 (3.7) 79 (6.5) 1.8
60 37 (6.1) 73 (12.0) 2.0

a Treated population compared to untreated population.

6542 GATTON AND CHENG INFECT. IMMUN.



maximum parasitemia (19), and replication rates (34) of dif-
ferent parasites. Additionally, a febrile event has been defined
here as a temperature of �40°C. This value is somewhat arbi-
trary because it is difficult to link the value of model parame-
ters to actual body temperature. Hence, it should be viewed
simply as an indicator of fever. As such, the model output
represents a generalized system that can be used to look at the
factors affecting the development of immunity; these factors
would be expected to have the same effects under modified
parasite-host parameters.

The model incorporates the detailed process of parasite
antigenic variation in PfEMP1 and the corresponding host
immune response. This is not meant to undervalue the contri-
bution of other parasite antigens in the development of ac-
quired clinical immunity. Although not specified individually,
the host’s immune responses to other parasite antigens are
incorporated via the clonal immunity function. Emphasis has
been placed on antigenic variation because this parasite fea-
ture appears to be one of the primary limiting factors in the
speed of development of clinical immunity to a parasite pop-
ulation.

The PfEMP1 switching process and rates assumed in the
model are similar to those reported previously to produce
simulated infections with characteristics similar to those of
observed clinical cases in malaria-naïve hosts (19). Recently it
was proposed that a PfEMP1 variant may elicit a long-lived
immune response unique to the variant and also short-lived
transient responses to one or more shared epitopes (32). Our
model currently contains a specific medium-lived antibody re-
sponse to a particular variant and also a limited amount of
cross-reactivity between this antibody and all other variants.
The simplest assumption of cross-reactivity was used due to the
lack of experimental data related to the degree of cross-reac-
tivity between specific antibodies and PfEMP1 variants and the
dynamics of such responses. Changes to the scope and/or mag-
nitude of this cross-reactivity could affect the length of infec-
tion, which may in turn impact our predictions relating to the
development of immunity. However, any such changes would
be expected to be minimal.

Direct extrapolation of the model predictions to field situa-
tions requires further validation against field data. This is dif-
ficult due to the lack of data containing estimates of transmis-
sion intensity, parasite diversity, and age of onset of immunity
for a particular field site. Additionally, the model assumes
constant infection rates, while many regions exhibit seasonal
transmission. There are, however, a limited set of field sites for
which data can be extrapolated to validate the model output.

In western Kenya, the entomologic inoculation rate varied
from �0.02 to 10.0 infected bites per person per night (equiv-
alent to one infectious bite every 50 and 0.1 days, respectively),
with at least 43 different merozoite surface protein 1 alleles
detected (6). In very broad terms, this equates to �2,150 dif-
ferent PfEMP1 variants within the population, assuming that
each parasite sampled had a unique repertoire of 50 var genes.
In this setting, �10% of children 3 years of age experienced
febrile outbreaks (6). The model output from simulations of a
similar transmission environment (one infection every 14 days;
2,000 var genes in the population) predicted that the onset of
immunity would occur at approximately 5 years of age. This
value appears to be roughly in the correct time frame, since

clinical immunity at the field site (by our definition) occurred
after 3 years of age. Additionally, the actual infection rate is
probably lower than the estimated entomologic inoculation
rate because not all bites from sporozoite-infected mosquitoes
result in infections (11, 33).

At the other end of the spectrum, Morong in the Phillipines
has a much lower prevalence of P. falciparum. Although much
of the region has little or no malaria, �5% of the population
live in higher-transmission areas which have a point prevalence
of �10% (5). Assuming a patency of 15 to 20 days before
detection, this equates to an average probability of infection on
the order of 0.005 to 0.006 per person per day, or one infection
approximately every 160 to 200 days. Antibody seropositivity
against P. falciparum antigen appears to plateau in this popu-
lation at approximately 10 years of age, although this may not
equate to clinical immunity because many adults still suffer
symptomatic attacks (5). Parasite diversity within Morong ap-
pears to be relatively constrained, with only seven apical mem-
brane antigen 1 sequence types and eight merozoite surface
protein 1 sequence types detected in 113 and 103 parasite
isolates, respectively (29). Assuming a total parasite reservoir
of 10 to 20 different isolates, the var gene population would
consist of approximately 500 to 1,000 different genes. Accord-
ing to the model output, with infections occurring approxi-
mately every 200 days and a var gene population of 1,000,
acquired clinical immunity would be predicted by 11.5 years of
age. This age generally reflects the plateau seen in antibody
prevalence (5).

It must be noted that it is assumed in the model that the
parasite population is constant. It is unlikely that the parasite
population meets this assumption over long periods of time in
all but the most isolated areas. If new parasites are introduced
to a region, it is likely that individuals infected with this new
parasite will become ill because they will have no recognition
of the PfEMP1 variants expressed by the parasite. This predis-
position to cause illness will persist until individuals start to be
reinfected with the same parasite or until the antigenic reper-
toire of the new parasite is diluted through mating with other
parasites. This may partially explain why many adults still ex-
perience clinical symptoms in regions of low transmission and
why occasional epidemics occur in an otherwise immune pop-
ulation.

Studies of malaria incidence among transmigrants moving
from regions of almost no malaria to where malaria is endemic
suggest that protection can be established after a relatively
brief period (4). This appears to contradict our results, but the
criteria used to define immunity differ between the studies.
Although Baird et al. (3) claim that clinical immunity occurred
in individuals experiencing four infections in 2 years, they note
that only 36 (62%) of the 58 subjects obtained clinical immu-
nity (parasitemia without fever). Given that the study area was
a newly developed village relatively isolated from other villages
and all new residents received prophylaxis for 90 days after
arrival (25), it is likely that parasite diversity is relatively lim-
ited. The model output for infections occurring every �150
days (that is, four times in 2 years) with 500 different var genes
in the population indicated that after four infections, 21% of
the simulated infections resulted in no febrile event, while 64%
experienced only one febrile day. This represented a significant
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decrease in the risk of experiencing a fever after four infec-
tions, a finding similar to that of Baird et al. (3).

Use of a simulation model to mimic the development of
clinical immunity within a host provided the opportunity to
investigate the influence of early termination of infections
through chemotherapy. Only the extreme situation of treating
every infection that became symptomatic was considered.
There was a consistent trend of delayed onset of immunity
associated with repeated treatment, such that immunity took
almost twice as long to develop compared to when infections
were left untreated. This delay is due to the reduced exposure
of the host to the range of parasite variant antigens. However,
it is important to note that immunity did develop in the treated
population. Hence, rapid treatment of symptomatic infections,
which can potentially reduce the occurrence of severe compli-
cations and anemia, does not exclude the development of clin-
ical immunity; it simply delays its onset. This trend of delayed
immunity with frequent administration of drugs has been
noted in Africa (23).

This study used a simulation model of the in-host dynamics
of P. falciparum infections to explore the factors influencing
the development of clinical immunity to P. falciparum malaria.
Incorporating antibody responses to PfEMP1 along with gen-
eral responses to other nonvariant antigens was sufficient to
mimic the development of immunity and produce estimates of
the age of immunity which appear to generally agree with that
observed in the field. This supports the role of anti-PfEMP1
antibodies in the development of immunity. The simulation
study also allowed the impact of regular chemotherapy to be
assessed, concluding that clinical immunity will develop under
such conditions but the age of onset is delayed.
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