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Abstract
Rosetting is a parasite adhesion phenotype associated with severe malaria in African children.
Why parasites form rosettes is unknown, although enhanced invasion or immune evasion have
been suggested as possible functions. Previous work showed that rosetting does not enhance
parasite invasion under standard in vitro conditions. We hypothesised that rosetting might promote
invasion in the presence of host invasion-inhibitory antibodies, by allowing merozoites direct
entry into the erythrocytes in the rosette and so minimising exposure to plasma antibodies. We
therefore investigated whether rosetting influences invasion in the presence of invasion-inhibitory
antibodies to MSP-1. We found no difference in invasion rates between isogenic rosetting and
non-rosetting lines from two parasite strains, R29 and TM284, in the presence of MSP-1
antibodies (P=0.62 and P=0.63, Student's t test, TM284 and R29, respectively). These results do
not support the hypothesis that rosettes protect merozoites from inhibitory antibodies during
invasion. The biological function of rosetting remains unknown.
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1. Introduction
The binding of infected red blood cells (iRBC) to uninfected red blood cells (RBC) is a
Plasmodium falciparum adhesion phenotype known as rosetting. P. falciparum field isolates
vary in the extent to which they form rosettes, and high levels of rosette formation have been
strongly associated with severe malaria in African children in numerous studies (e.g.,
Carlson and Wahlgren, 1992; Ringwald et al., 1993; Rowe et al., 1995, 2002b). A human
polymorphism associated with deficiency of the RBC rosetting receptor Complement
Receptor 1 that reduces rosetting (Rowe et al., 1997), has been shown to confer protection
from severe malaria in a malaria endemic region (Cockburn et al., 2004), thus providing
more evidence for an association between rosetting and life-threatening malaria.

How rosetting may contribute to the development of severe malaria is not understood. Other
Plasmodium species that infect humans form rosettes (Angus et al., 1996; Lowe et al., 1998;
Udomsanpetch et al., 1995) but do not typically cause the same severe malaria symptoms as
P. falciparum. Obstruction of the microvasculature and impairment of blood flow by rosettes
has been shown in an ex vivo model (Kaul et al., 1991), and it is likely that rosettes
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aggravate the pathologies caused by cytoadherence of iRBC by further blocking the
microvasculature (Nash et al., 1992). Cytoadherence, where iRBC bind to the endothelium
lining the blood vessels (reviewed in Newbold et al., 1999), is a parasite property unique to
P. falciparum among the human Plasmodium species, which may explain why rosetting is
not associated with severe malaria in P. ovale, P. malariae or P.vivax. Rosetting also occurs
in several rodent and primate plasmodia such as Plasmodium chabaudi (Mackinnon et al.,
2002), Plasmodium fragile (David et al., 1988), Plasmodium coatneyi (Kawai et al., 1995),
and Plasmodium cynomolgi (Handunnetti et al., 1989). The widespread occurrence of
rosetting in a variety of plasmodium species suggests that rosetting may have an important
biological function, however this function is currently unknown.

Rosetting in P. falciparum field isolates has been positively associated with host
parasitaemia in African children (Rowe et al., 2002a). It had been postulated that the
function of rosetting could be to facilitate merozoite invasion (Wahlgren et al., 1989), which
would promote high asexual blood stage parasitaemias in the host. However, experiments
with a culture-adapted laboratory strain PA1 showed conclusively that there was no
difference in invasion rates between the isogenic rosetting and non-rosetting parasites in this
strain (Clough et al., 1998).

We hypothesised that increased invasion of rosetting parasites may only occur in the
presence of host immunity, when rosettes could potentially act as an immune evasion
mechanism by shielding the merozoites from host invasion-inhibitory antibodies. It is
plausible that merozoites released from a rosetting iRBC may be able to reinvade the
neighbouring RBC without prolonged exposure to host antibodies in the plasma, as indicated
in Fig. 1A. Merozoites from non-rosetting parasites would be exposed to plasma antibodies
that could inhibit their invasion (Fig. 1B). If this were the case, one would expect rosetting
parasites to have higher invasion rates than isogenic non-rosetting parasites in the presence
of invasion inhibiting antibodies. To test this hypothesis, we compared the invasion rates of
isogenic rosetting and non-rosetting parasite lines of two culture-adapted P. falciparum
strains in the presence of invasion-inhibitory antibodies to MSP-1(merozoite surface protein
one) (Singh et al., 2003).

2. Methods
2.1. Parasite culture

The parasites studied were P. falciparum clone R29 (derived from the IT strain) and strain
TM284 (Rowe et al., 1997). R29 and TM284 are genotypically distinct and express different
PfEMP1 variants (Rowe et al., 1997 and unpublished data). Parasites were cultured in
complete RPMI (cRPMI: RPMI 1640 plus 25 mM Hepes, 2 mM glutamine, 25 mM glucose,
25 μg/ml gentamicin, and 10% pooled human serum) at 1–2% haematocrit in O+ RBC at 37
°C with 3% CO2, 1% O2, and 96% N2. Parasites were synchronised by sorbitol lysis
(Lambros and Vanderberg, 1979). To select for isogenic rosetting and non-rosetting parasite
lines, the cultures were selected using plasmagel flotation (Pasvol et al., 1978; Rowe et al.,
1997). Following suspension in plasmagel solution, the rosetting trophozoite-stage parasites
settle to the bottom with the RBC pellet and the non-rosetting trophozoite-stage parasites
float in the upper layer above the RBC pellet. The non-rosetting upper layer was carefully
removed and both layers were washed and then returned to culture. Repeated plasmagel
selections over 1–2 weeks result in rosetting lines with >65% rosette frequency and non-
rosetting lines with <6% rosette frequency.
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2.2. Invasion assays
Synchronous trophozoite-stage parasite cultures were diluted to approximately 1%
parasitaemia with RBC and resuspended in cRPMI at 2% haematocrit. Fifty microlitre
samples were set up in quadruplicate or triplicate wells in a 96-well flat-bottomed plate. The
wells immediately surrounding the samples had been prepared to contain 100 μl incomplete
RPMI to prevent significant evaporation from test wells during the assay. The plate was
placed in a gas modulator chamber and gassed with 3% CO2, 1% O2, and 96% N2 for 3 min
before being placed at 37 °C for 24h. From the remaining sample, pre-invasion smears were
made to count the exact pre-invasion parasitaemia on a Giemsa-stained thin smear. After
24h, Giemsa-stained thin smears were made from all wells and the parasitaemia was
assessed by counting 1000 RBC. The invasion rate is the post-invasion parasitaemia divided
by the pre-invasion parasitaemia.

Invasion inhibition assays were carried out using rabbit polyclonal IgG to MSP-1–42 (Singh
et al., 2003). We also tested a monoclonal antibody to MSP-1 (Blackman et al., 1990;
McBride and Heidrich, 1987), two other rabbit polyclonal antibodies to MSP-1 (gift from
Dr. Mike Blackman) and a rabbit polyclonal IgG to AMA-1 (gift from Dr. Allan Saul),
however, none of these reagents gave significant inhibition of invasion with R29 or TM284.
For the assays with the anti-MSP-1–42 antibody, the starting cultures were diluted to 0.9–
1.3% parasitaemia with RBC and resuspended to 2% haematocrit with no added antibody
(control) or a final concentration of 1.5 mg/ml of anti-MSP-1 IgG. Assays were set up and
invasion rates were assessed as described above, with triplicate wells for each antibody and
control. To ensure that the invasion-inhibitory antibody did not disrupt rosettes, samples of
the rosetting parasites were incubated with the MSP-1–42 antibodies at the above
concentration for 30 min at 37 °C and then the rosette frequency was assessed.

2.3. Assessment of rosette frequency
A 200 μl aliquot of culture suspension containing mature pigmented trophozoite-stage
parasites was stained with 25 μg/ml ethidium bromide for 5 min at 37 °C. Ten microlitres of
culture suspension was placed on a microscope slide and covered with a coverslip. The
stained sample was viewed with a 40× objective using a Leica fluorescence microscope with
both UV and brightfield light to allow visualisation of both iRBC and RBC simultaneously.
Two hundred iRBC were counted and scored for rosetting, with a rosette being defined as an
iRBC binding two or more RBC. The percentage of the 200 iRBC in rosettes is termed the
rosette frequency (RF). For the invasion assays, rosetting cultures had a RF of above 65%
and non-rosetting cultures had a RF of less than 6%.

2.4. Statistics
Statistical analysis was done with Statview 5.0.1 software. The invasion rates of isogenic
rosetting and non-rosetting parasites were analysed with a paired Student's t test, paired by
experiment to control for variations in invasion due to RBC donor, RBC age, and human
sera. The percentage inhibition of invasion by the MSP-1–42 antibody of rosetting and non-
rosetting parasites was analysed with a Student's t test.

3. Results and discussion
3.1. Invasion rates of isogenic rosetting and non-rosetting parasites

We first set out to investigate whether isogenic rosetting and non-rosetting parasite lines
derived from R29 and TM284 differed in their invasion rates under standard in vitro culture
conditions. Over seven (TM284) or eight (R29) experiments, there was no significant
difference in the invasion rates of the isogenic rosetting and non-rosetting lines (Table 1,
P=0.86 and P=0.21, paired Student's t test, TM284 and R29, respectively). We therefore
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confirmed the previous findings of Clough et al. that rosetting does not enhance invasion
(Clough et al., 1998).

3.2. Invasion rates of isogenic rosetting and non-rosetting parasites in the presence of
antibodies to MSP-1

To examine the hypothesis that rosetting may enhance invasion in the presence of host
invasion-inhibitory antibodies (Figs. 1A and B), we studied the invasion rates of isogenic
rosetting and non-rosetting parasites in the presence of antibodies to MSP-1–42 (Singh et al.,
2003). In two experiments with both TM284 and R29, we found that the isogenic rosetting
and non-rosetting parasites did not differ significantly in the percentage inhibition of
invasion in the presence of the MSP-1–42 antibodies (Table 2, P= 0.62 and P=0.63,
Student's t test, TM284 and R29, respectively). The mean inhibition of invasion for rosetting
parasites was 33.0% (95% confidence interval 25.5–40.5%) and for non-rosetting parasites
was 31.8% (95% confidence interval 26.3–37.3%). Therefore, we found no evidence to
support the hypothesis that rosettes protect merozoites from invasion-inhibitory antibodies
as hypothesised in Fig. 1A. Instead, the data suggest that rosetting parasites are inhibited by
invasion-inhibitory antibodies to the same extent as non-rosetting parasites (Figs. 1B and C).

Although we have found no evidence to support the hypothesis that rosettes protect
merozoites from invasion-inhibitory antibodies, because of the variation in the experiments
shown in Table 2, we cannot completely exclude the possibility of a minor difference in
invasion inhibition between rosetting and non-rosetting parasites. To increase the sensitivity
of these experiments, we attempted to identify a reagent that would provide greater
inhibition of rosetting for repeated assays, however, none of the other reagents to MSP-1
and AMA-1 that were tested (see Section 2) showed any significant invasion inhibition in
either R29 or TM284. We also attempted to examine the inhibitory effect of the MSP-1–42
antibodies on R29 and TM284 cultures under shaking conditions, however, no inhibition of
invasion was seen when the cultures were shaken rather than static (data not shown).

To ensure that our results were not due to rosettes being disrupted by the invasion-inhibitory
antibodies, we assessed the effect of the MSP-1–42 antibodies on rosetting. For both R29
and TM284, we found that the RF did not change in the presence of the MSP-1–42
antibodies (R29—control with no antibody 48% RF, 1.5mg/ml MSP-1–42 52% RF; TM284
—control with no antibody 83% RF, 1.5mg/ml MSP-1–42 84% RF).

It is unclear whether rosettes are stable during schizogony or whether they break apart
before the schizonts rupture. Our results point towards the latter being the most likely
possibility. This suggestion is consistent with previous findings showing that the RBC
forming the rosette are not preferentially targeted during invasion (Clough et al., 1998).

In the invasion inhibition experiments (Table 2), the data show a trend towards rosetting
R29 parasites having higher overall invasion rates than R29 non-rosetting parasites in the
control cultures without added antibodies. However, as shown in Table 1, an analysis of a
larger number of experiments does not support a significant difference in invasion rates
between these isogenic lines.

Although we have found no evidence to support the hypothesis that rosettes protect
merozoites from invasion-inhibitory antibodies, it remains possible that rosettes may affect
the interactions of iRBC with other components of the host's immune system. Contact-
dependent activation of natural killer cells—an important first line in innate immunity
against P. falciparum—has been reported (Artavanis-Tsakonas et al., 2003), and this
activation may not occur if uninfected RBC surround the iRBC. Contrary to this, binding of
iRBC to dendritic cells has been shown to modulate the function of antigen-presenting cells
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to possibly delay an immune reaction (Urban et al., 1999), so rosetting may prevent the
binding of iRBC to receptors on the surface of dendritic cells and may promote dendritic cell
activity. Furthermore, rosettes may shield the iRBC from phagocytosis by macrophages and
neutrophils. Future experiments will compare natural killer cell activation, dendritic cell
modulation, and phagocytosis of rosetting and non-rosetting parasites in an attempt to
understand the biological function of rosetting.
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RBC red blood cells

iRBC infected red blood cells

cRPMI complete RPMI

RF rosetting frequency

MSP-1 merozoite surface protein 1

AMA1 apical membrane antigen 1
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Fig. 1.
Diagram showing how merozoites released from rosetting and non-rosetting P. falciparum
iRBC could be differentially inhibited by invasion-inhibitory antibodies. (A) Rosetting
might reduce the effect of invasion-inhibitory antibodies if merozoites invade directly into
the RBC in rosettes, thereby avoiding prolonged exposure to antibodies in the host's plasma.
(B) Merozoites derived from non-rosetting parasites would be exposed to antibodies in the
plasma and hence would show lower invasion rates than merozoites from rosetting parasites.
(C) If merozoites from rosetting parasites do not preferentially invade the RBC in the rosette
but are exposed to plasma antibodies in a similar way to merozoites from non-rosetting
parasites, they would be expected to show reduced invasion rates in the presence of host
antibodies. Our results indicate that merozoites released from rosetting parasites are
inhibited to the same extent as merozoites released from non-rosetting parasites (B and C).
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