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Abstract

Leishmania parasites, which afflict 12 million people in 88 countries, exist as promastigotes
transmitted by insect vectors and as amastigotes residing in mammalian macrophages.
Promastigote cells arranged in rosettes have also been described but universally disregarded as a
distinct stage in the life cycle. We present evidence that only rosettes of Leishmania major
promastigotes express cell surface polysialic acid (PSA) and PSA containing de-N-acetyl
neuraminic acid (NeuPSA). Expression of rosette-specific PSA antigens was mosaic, with
individual promastigotes expressing PSA, NeuPSA or both. A 50kDa protein was detected by
Western blot analysis of a detergent-insoluble cell fraction with both PSA and NeuPSA-reactive
antibodies. Frequencies of rosette formation as well as cell surface PSA/NeuPSA expression were
temperature dependent. Rosettes also engaged in an unusual swarming behaviour, congregating
into extended clusters. Distinct structures resembling cellular fusion bodies were formed in and
released from rosettes. The results indicate that rosettes are an unrecognized stage in the life cycle
of Leishmania. We hypothesize that rosettes initiate mating in Leishmania during which PSA/
NeuPSA expression plays an important role. Recognizing rosettes as a distinct form of the
Leishmania life cycle opens new possibilities for treatment or prevention of disease and, possibly,
in vitro genetic recombination without passage of cells through insect vectors.
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Leishmaniasis is a disease caused by diverse species of protozoan parasites afflicting 12
million individuals in addition to livestock and domesticated animals in 88 countries. The
leishmanial parasite is digenetic, alternating between the promastigote form free-living in
the gut of insect vectors and an intracellular amastigote form that resides in the
phagolysosome of mammalian macrophages. Several promastigote morphologies have been
reported, including procyclic, nectomonad, leptomonad, metacyclic, and haptomonad forms
(Kamhawi 2006), as well as groups of promastigotes growing in clusters referred to as
rosettes (Greenblatt et al. 1985; Noguchi and Tilden 1926; Trager 1953). To date, no
specialized morphological forms of Leishmania that could be attributed to a sexual stage
have been identified despite mounting evidence for a functional sexual cycle (Akopyants et
al. 2009; Bastien et al. 1992; Chargui et al. 2009; Kelly et al. 1991; Yahiaoui et al. 1996).
Consequently genetic manipulation of this organism in the laboratory remains limited. A
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more complete understanding of the parasite life cycle would greatly improve the ability to
study the natural genetics of these organisms, and aid in the preparation of laboratory
constructs with genetic traits useful for the development of vaccines and chemotherapeutic
approaches to treatments for leishmanial infections.

Of the various morphological forms of Leishmania that have thus far been reported, rosettes
have largely been ignored, despite their repeated observation in the midgut of insect vectors
(Feliciangeli et al. 1988; Gontijo et al. 1995; Lainson and Shaw 1973; Leishman 1911).
Rosettes have been considered characteristic of a “feeding frenzy” (Pommerville and
Alcamo 2004), the result of delayed multiplication (Mehlhorn and Armstrong 2001), or an
artifact of flagellar entanglement during in vitro cultivation (Mehlhorn and Armstrong 2001;
Schuster and Sullivan 2002). However, rosettes share a striking resemblance to early mating
stages of the green alga Chlamydomonas, in which cell-cell contact between opposite mating
types is achieved through a process known as agglutination. Initial contact between mating
individuals begins through the entanglement of their flagella, forming large clumps of
rapidly twitching cells (Wilson 2008). This process is mediated by specific high molecular
weight adhesion glycoproteins known as agglutinins located along the length of the flagella
(Adair et al. 1982).

Recently, a 2,3- and a 2,6-linked sialic acids have been reported in the promastigote of
Leishmania donovani in the insect vector (Chatterjee et al. 2003; Mukhopadhyay and
Mandal 2006). However, the expression of poly a 2,8 N-acetyl neuraminic acid (PSA) or its
partially de-N-acetylated derivative NeuPSA has not been reported for any leishmanial
species. Our interest in investigating the presence of PSA and NeuPSA in human pathogens
that express sialic acid antigens (Moe et al. 2009) has led us to the discovery that in
Leishmania only promastigote cells organized in rosettes express PSA/NeuPSA. Therefore,
rosettes may represent a distinct stage in the life cycle of these organisms. Additional studies
to determine the culture conditions that promote rosette formation resulted in the
observation of a previously undescribed swarming behavior by rosettes, and the generation
of unusual structures corresponding to promastigote fusion bodies arising from rosettes. We
discuss the implications of these results with regard to a sexual stage in Leishmania.

MATERIALS AND METHODS

Monoclonal antibodies (mAbs)

The murine mAbs SEAM 2 (IgG3) and SEAM 12 (IgG2a) were produced using N-propionyl
Neisseria meningitidis group B capsular polysaccharide (N-Pr PSA)-tetanus toxoid
conjugate vaccine (Granoff et al. 1998). Poly a 2,8 N-acetyl neuraminic acid (PSA) is
chemically identical to long chain polysialic acid (PSA) expressed by humans during fetal
development (Finne et al. 1983b). The mAb 2-1-B (IgM) was produced by immunizing mice
with live N. meningitidis group B bacteria (Mandrell and Zollinger 1982). Both SEAM 12
(Granoff et al. 1998) and 2-1-B (Mandrell and Zollinger 1982) are specific for PSA. SEAM
2 is specific for poly a 2,8 N-acyl neuraminic acid that contains 40--60% de-N-acetyl
neuraminic acid residues (Moe et al. 2009). All three mAbs are only reactive with PSA
derivatives having a degree of polymerization (Dp) greater than ~10. Anti-leishmanial major
surface protease (anti-gp63) was obtained from Cedarlane Laboratories, Ontario, CANADA.
Irrelevant murine 1gG2a and 1gG3 mAbs used as negative controls were obtained from
Southern Biotech, Birmingham, AL. Control IgM was obtained from Abcam, Cambridge,
MA. Goat anti-mouse class or subclass-specific secondary antibodies conjugated to FITC,
AlexaFluor 488, or AlexaFluor 546 were obtained from Invitrogen, Carlshad, CA.
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Specific monoclonal (mAb) antibody inhibitors

Parasites

Colominic acid (i.e. PSA) is a specific inhibitor of mAb 2-1-B and mAb SEAM 12 but not
mAb SEAM 2 (Granoff et al. 1998). N-Pr PSA is a specific inhibitor of mAb SEAM 2 and
12 but not mAb 2-1-B (Granoff et al. 1998) and N-TcAc PSA inhibits binding of mAb
SEAM 2 but not mAb SEAM 12 or mAb 2-1-B (Moe et al. 2009).

Promastigotes of L. major strain LV39 (also known as MRHO/SU/59/P) were obtained from
Richard Titus, Colorado State University, and have been previously described (Neal 1964).
Cultures were maintained in Dulbecco’s Modified Eagle Medium without bicarbonate (pH
7.0--7.4) and supplemented with 10% (v/v) heat inactivated fetal calf serum, 20 mM HEPES
buffer, 0.01 mg/ml biotin, 2 mM Glutamax, 100 U/ml of Penicillin and 100 pg/ml
Streptomycin, and 50 uM each of adenine, guanine, hypoxanthine, xanthine, and uracil.
Promastigote cells can be cultured in this medium either in the absence or presence of 5%
(v/v) exogenous CO,, which lowers the pH of the medium by approximately 0.5 pH units.
All data presented in this study were generated for cells grown in ambient atmosphere
without exogenous CO,. However, similar observations have also been made for cells
grown in the presence of 5% (v/v) CO,.

Rosette Preparations

Log phase promastigote cultures were enriched for rosettes by multiple centrifugations at
~50 x g in 30 mM sucrose in PBS.

Immunofluorescence and Flow Cytometry

For examination of fusion bodies, cells were methanol/acetone fixed to glass slides as
previously described (Das et al. 2001). For all other experiments, cells were fixed by a brief
treatment with 1% (v/v) formalin. Cell preparations were blocked with 3% (v/v) goat serum,
30 mM sucrose in PBS for 1 h to overnight. All cell blocking, mAb binding, and washing
steps were performed in the cold either at 4 °C or on ice. For some experiments cells were
permeabilized by an additional 10-min incubation with 0.05% (v/v) Triton X-100, 30 mM
sucrose in PBS. For anti-PSA derivative mAb inhibition of binding experiments, PSA
derivatives specifically reactive with each mAb were pre-incubated with the primary mAb
for 20 min prior to combining with cell preparation (final concentration 0.1 mg/ml each
derivative). The SEAM 2 inhibitor, N-trichloroacetyl PSA (N-TcAc PSA), and SEAM 12
inhibitor (N-Pr PSA) were prepared as described previously (Moe et al. 2009). PSA and E.
coli K1 capsular polysaccharide known as colominic acid were obtained from Sigma-
Aldrich, Saint Louis, MO.

Confocal Microscopy

Following immunofluorescent labeling, cells were adhered to multi-well LabTek™
microscope slides, and a hardening mounting medium containing 4',6-diamidino-2-
phenylindole (DAPI) was applied. Confocal images were obtained using a Zeiss Meta510
confocal laser scanning microscope (The Biological Imaging Facility, University of
California, Berkeley, CA) and were analyzed using either ImageJ Software (NIH) or Imaris
(Bitplane, Inc., Saint Paul, MN). Control antibodies and secondary antibodies applied alone
were routinely used to assess background fluorescence.

Quantification of 4',6-diamidino-2-phenylindole (DAPI) Staining Intensities

Estimates of relative DNA content were measured by quantification of DAPI staining for
individual promastigotes and fusion bodies. Cultures were washed in PBS and methanol/
acetone fixed to glass cover slips as previously described (Das et al. 2001) for 5-min on ice
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and allowed to rehydrate in 2X SSC buffer containing 0.16 pg/ml DAPI for 5-min at room
temperature. Stained cover slips were mounted onto standard microscope slides with Fluoro-
gel mounting medium and examined by laser scanning confocal and fluorescence
microscopy. DAPI staining was quantified by pixel density integration using ImageJ
(Abramoff et al. 2004). A total of 10 fusion bodies, 10 dividing cells and 50 individual
promastigotes from 10 separate micrographs were examined including the example shown in
Fig. 9. Fusion bodies were defined as a single clearly identifiable entity containing multiple
foci. Dividing cells were defined as a single cell body containing two clearly identifiable
nuclei and kinetoplastids. Fusion body and dividing cell fluorescence measurements were
normalized relative to individual promastigote cells located near the fusion body or dividing
cell and expressed as a ratio of fusion body to promastigote fluorescence. The distribution of
fluorescence intensity within fusion bodies and individual promastigotes in multiple
confocal and single fluorescence micrographs was analyzed using ImageJ surface plots.

Rosette Aggegration

Promastigote cultures were grown for 4 weeks at 20 °C. Clusters of >4 promastigote cells
oriented with their flagella toward the center of the cluster were considered to be rosettes.
Two methodologies were employed to demonstrate rosette aggregation. In one approach, a
levelled Petri dish containing a mid-log phase culture was photographed at intervals for 72 h
to record macroscopic changes in cell density. Changes in cell density were further
examined under lower power magnification and observed to involve alterations in the
distribution of rosettes in the culture from an initially random arrangement to distinct
regions of higher and lower rosette densities. Higher regions of rosette densities initially
formed circular to elipsoidal patterns which in later times converged.

Alternatively, 10-fold concentrates of mid-log cultures were videotaped by Audio Visual
Consultants, Oakland, CA. A 100x condensed movie of the first 1.5 h of recording was
generated using Adobe Premiere Pro. The cell suspension was observed for macroscopic
changes in cell density during this period.

Rosette-rosette Adhesion

Live promastigote cultures were placed in a 25 cm? tissue culture flask and examined on an
Olympus 1X70 microscope. Exposures were taken every 5 min using a Roper CoolSNAP
FX camera and a 1200x movie generated using InVIVVO software. Rosettes were considered
to be adhered to one another when they attained physical contact and subsequently
compressed into a denser mass. Other cells were observed to flow by during this process
indicating that the rosette clusters remained attached, in resistance to the flow of the culture
medium.

Detergent Extraction and Western Blotting of Poly a 2,8 N-acetyl neuraminic acid (PSA)
Bound Protein

To detect PSA/NeuPSA modified proteins, rosette preparations were extracted with Triton
X-114 as previously described (Murray et al. 1989). Proteins in the cell pellet, buffer soluble
proteins, and detergent soluble proteins were separated by electrophoresis on 4--20%
gradient polyacrylamide SDS reducing gels. Western blots were performed after transferring
the proteins to a polyvinylidene fluoride (PVDF) membrane. Bound mAbs were detected
using horseradish peroxidase-conjugated secondary Abs. To demonstrate specificity of
binding in Western blots using SEAM 12, 100 pg/ml of N-Pr PSA was added with the mAb.
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RESULTS

Poly a 2,8 N-acetyl neuraminic acid (PSA) and PSA containing de-N-acetyl neuraminic acid
(NeuPSA) expression by Leishmania promastigotes

Initial experiments to detect PSA and NeuPSA in L. major were conducted on promastigotes
grown at 24--26 °C. Fig. 1 (upper panel) shows the expression of PSA and NeuPSA as
detected by flow cytometry in intact cells (i.e. no permeabization with Triton X-100) by
reactivity with the anti-PSA mAbs 2-1-B and SEAM 12 and anti-NeuPSA mAb SEAM 2.
The PSA/NeuPSA positive promastigote populations represented approximately 11% and
24%, respectively, of the total number of cells compared to nearly 100% of cells that were
positive for expression of the cell surface protease gp63. When the cells were permeabilized
by brief exposure to Triton X-100 however (Fig. 1, lower panel), the fraction of PSA/
NeuPSA-positive cells increased to nearly all cells. The result suggests that all cells contain
PSA but only a fraction of them express PSA or NeuPSA antigens on the cell surface.
Interestingly, the mAbs SEAM 3 and SEAM 18, which recognize short (Dp~4) NeuPSA and
PSA epitopes respectively, were not reactive with Leishmania (data not shown).

Since only a fraction of intact cells were positive for PSA/NeuPSA expression, we examined
cultures of promastigotes that were differentially labeled with anti-PSA (2-1-B) and
NeuPSA (SEAM 2) mAbs by confocal microscopy. The expression of PSA/NeuPSA
differed within individual rosette-associated promastigotes: some expressed only PSA (Fig.
2B) or NeuPSA (Fig. 2C) and others expressing both (Fig. 2D). Free-swimming
promastigotes not associated with rosettes were negative for binding by both mAbs. For
example, Fig. 3B—C shows a mixture of rosettes and individual promastigotes where only
promastigotes in rosettes were labeled with 2-1-B. Once rosettes were identified as the
source of PSA/NeuPSA antigens, cell preparations were enriched for rosettes by differential
centrifugation for subsequent binding experiments.

To eliminate the possibility that the observed binding of anti-PSA derivative mAbs to
promastigotes was the result of low avidity, non-specific absorption, we compared binding
of the mAbs in the absence or presence of specific inhibitors (Fig. 4). Three PSA derivatives
- colominic acid, N-Pr PSA, and N-TcAc PSA - were tested. Binding of each mAb to the
parasites was inhibited by the specific polysaccharide inhibitor as indicated by the shift in
fluorescence in the absence of inhibitor (black fill), compared to in the presence of inhibitor
(gray fill) but not by derivatives known to be non-reactive with each particular mAb.

Temperature Dependency of Poly a 2,8 N-acetyl neuraminic acid (PSA) and PSA
containing de-N-acetyl neuraminic acid (NeuPSA) Cell Surface Expression

The effect of temperature on the expression of cell surface PSA or NeuPSA was investigated
by culturing leishmanial cells at different temperatures, then measuring anti-PSA/NeuPSA
mADb binding by flow cytometry. Cultures of promastigotes were maintained at 16 °C, 20
°C, or 24 °C for at least 4 weeks prior to their evaluation. The frequency of rosette formation
was observed to be greatly enhanced when leishmanial cells were grown at 20°C. Cell
cultures were subsequently harvested, enriched for rosettes by differential centrifugation,
and expression of cell surface antigens was measured by flow cytometry using anti-PSA
(SEAM 12 and 2-1-B), anti-NeuPSA (SEAM 2), and anti-gp63 primary antibodies. The
maximum fluorescence for both anti-PSA and -NeuPSA binding occurs when cells were
cultured at 20°C (black fill) and is lower for cells cultured at 16°C (dotted line, white fill) or
24°C (dotted line, gray fill) (Fig. 5). In contrast there is very little variation of gp63 cell
surface expression as a function of the cell culture temperature within this temperature range
(Fig. 5). When the samples were gated on individual promastigote cells, PSA was
undetectable at all temperatures examined, whereas gp63 expression did not differ with
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growth temperature (data not shown). The addition of exogenous PSA/NeuPSA precursors
N-acetyl neuraminic acid and N-acetyl mannosamine to growth media at concentrations up
to 10 mM did not influence rosette formation or PSA/NeuPSA expression (data not shown).

Detergent Extraction of Rosettes and Western Blot Analysis

The cell fractions from Leishmania rosettes extracted with Triton X-114 were examined by
SDS polyacrylamide gel electrophoresis and Western blot using SEAM 2 and SEAM 12 as
primary detection antibodies. A single band with an apparent mass of approximately 50 kDa
was identified only in the detergent insoluble cell pellet fraction by SEAM 12 (panel B, lane
3, Fig. 6) and SEAM 2 (panel C, lane 3, Fig. 6), whereas isotype control antibodies were
completely negative (panel A). A Western blot of a second cell pellet preparation with
detection by SEAM 12 in the absence (lane 1) or presence (lane 2) of soluble polysaccharide
inhibitor N-Pr PSA demonstrates specificity of binding (Fig. 6D). Antibody 2-1-B identifies
the same 50 kDa band in the detergent insoluble cell pellet fraction as well as higher
molecular weight bands in the detergent soluble fraction (data not shown). These results
suggest that a single protein associated with the detergent insoluble cell pellet fraction is
modified with PSA and that some portion of the PSA is further modified by extensive de-N-
acetylation.

Rosette Formation

When Leishmania promastigotes were cultured at 20 °C, rosette formation was greatly
enhanced compared to higher or lower temperatures. At this cultivation temperature, rosettes
frequently formed nearly confluent lawns along the entire bottom of the culture flask and
also arranged themselves in meandering chains on the surface of the growth medium. In
addition, the rosettes engaged in a swarming behavior. In Fig. 7A, homogeneous suspension
of mid-log leishmanial cells is observable at time zero. When left undisturbed, within 2 h the
cell suspension no longer had the appearance of confluency. Rather regions of higher and
lower cell concentration began to appear, giving the cell suspension a leopard-like speckled
appearance (Fig. 7B--D). Examination of the culture under low power magnification
revealed that the clear areas were deficient in rosettes, which had concentrated themselves
along the perimeters of the cleared regions. By 4 h after plating (Fig. 7C), the cleared
regions were seen to increase in diameter and by 8 h coalesced (Fig. 7D). The migrating
rosettes ultimately formed a star-shaped aggregate near the center of the plate between
20--30 h after plating (Fig. 7E). This process was accelerated by preparing higher
concentrations of cells as described in the Methods section (Supplemental Quicktime®
Movie 1).

During the aggregation process, rosettes were observed under the microscope to be
migrating toward one another. The movement of rosettes to form larger clusters appeared to
involve active migration, but alternatively may result from random swimming behavior.
When rosettes achieved direct contact, they remained attached, becoming part of a larger
collective and did not disassociate. A movie documenting rosette-rosette adhesion at the
microscopic level has also been generated by time-lapse photography (Supplemental
Quicktime® Movie 2).

Rosettes cultured at 20 °C also gave rise to unusual structures resembling the fusion of 2 or
more promastigotes within a single rosette (Fig. 8). They ranged in size corresponding to the
fusion of 2, 3 or more promastigotes, and thus suggest a mechanism for the generation of
recombinant cells of varying ploidy levels. The unique cellular structures are
morphologically distinct from individual promastigotes, amastigotes or rosettes, and have
not been previously described. Often, one to several flagella can be detected in the early
stages of these structures. In later stages, the fusion products develop a spherical-like
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appearance. They do not have the morphology of any common laboratory contaminants,
such as bacteria, yeast, filamentous fungi or algae. Furthermore, they are recognized by the
leishmanial specific anti-gp63 antibody (Fig. 9B) and are transient, being no longer
observable upon passage of the leishmanial culture into fresh growth medium, features
inconsistent with contaminating organisms as an explanation.

Relative DNA content as measured by integrated pixel density from DAPI fluorescence was
used to quantify differences between individual promastigotes, dividing cells, and fusion
bodies. Results were normalized relative to individual promastigote cells and expressed as a
ratio of average individual promastigote fluorescence to dividing cell or fusion body
fluorescence. The ratio of DAPI staining intensity of 10 fusion bodies measured ranged from
2.24 to 2.97 with a mean of 2.70 and a standard deviation of 0.30. In comparison, the ratio
of DAPI staining intensity of 10 dividing cells ranged from 1.22 to 1.91 with a mean of 1.57
and a standard deviation of 0.23. The P value calculated by Student’s T Test for two tailed
unpaired data sets was less than 0.001 and there was no significant difference in the variance
within data sets as determined by an F Test. For example, the ratios for the dividing cell and
fusion body shown in Fig. 9B were 1.88 and 2.70, respectively. Surface plots of the
integrated fluorescence pixel density typically showed two or more intensely stained foci
along the perimeter of the fusion body in addition to a single, diffusely stained, centrally
located focus. Foci on the perimeter appeared to be DAPI staining of kinetoplastid DNA
(Fig. 9B).

DISCUSSION

Sialylated glycans have an important role in determining immune recognition of self versus
non-self antigens in humans (Crocker et al. 2007). Possibly as a consequence, more than 40
human pathogens are known to express sialyated glycans or interact with host sialylated
antigens as a means of invasion or evading protective immune responses (Angata and Varki
2002). However, there are only a few human polysialylated glycoproteins and no known
PSA-containing glycans in insects (Koles et al. 2009). The most abundant PSA glycan in
humans is polysialylated neural cell adhesion molecule (PSA-NCAM), which is highly
expressed in brain, kidney, and heart tissues during fetal development (Finne et al. 1983a).
The bacterial pathogens Escherichia coli K1 and Neisseria meningitidis group B express
PSA capsular polysaccharides that are important virulence factors for evading immune
mechanisms of bacterial clearance. Recently, our group showed that N. meningitidis group B
and C strains express antigens reactive with NeuPSA antibodies (Moe et al. 2009). Based on
reactivity with lectins and sensitivity to exoneuraminidases, it was recently reported that
Leishmania also express o 2,3- and o 2,6-sialylated glycans (Mukhopadhyay and Mandal
2006). We now report that Leishmania express both PSA- and NeuPSA-containing glycans
and demonstrate their specific association with promastigote cells arranged in rosettes,
structures that have previously been considered to be artifacts and have therefore have been
universally ignored. The presence of cell surface PSA/NeuPSA was demonstrated to occur
in a temperature-dependent manner that corresponds to maximal rosette formation. The
specificity of mAbs identifying the PSA/NeuPSA antigens was demonstrated by inhibition
of binding by specific PSA derivatives. Furthermore, analysis of Triton X-114-extracted
rosettes by SDS-PAGE and Western blot showed that the anti-PSA and NeuPSA mAbs were
reactive with a specific protein having an apparent mass of 50 kDa. Identification of this
protein by 2D gel electrophoresis and Matrix Assisted Laser Desorption-lonization Time of
Flight (MALDI-TOF) mass fingerprint analysis is currently in progress.

The temperature at which the insect vector phase of Leishmania is cultivated was found to
have a significant effect on both the frequency of rosette formation and PSA/NeuPSA cell
surface expression. Rosette formation and cell surface PSA/NeuPSA detection were
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enhanced when promastigotes were cultured at 20°C. Most laboratories routinely propagate
the insect vector phase of these organisms at or above 25 °C, and ranging as high as
28--30°C (Ozgoztasi and Baydar 1997; Trager 1953; Vieira et al. 1994; Vieira et al. 2002).
At these higher temperatures, rosette formation and PSA/NeuPSA cell surface expression
were greatly reduced.

Cultivation of the organisms at the lower temperature also revealed a previously unreported
phenomenon - rosette motility, in which rosettes over time form larger and larger
aggregates. Under the microscope, individual rosettes were observed in real time to
irreversibly adhere to one another once in contact, and so form extended clusters. Individual
rosettes and extended clusters progressed in later stages to give rise to cellular fusion
structures. Since the fused promastigotes apparently lack subcellular structures to isolate
each cytoplasm, we hypothesize that DNA could commingle in this syncytium and give rise
to genetic recombinants (Fig. 10).

The differences in the physical and chemical properties of PSA versus NeuPSA are
consistent with a role for PSA/NeuPSA in promastigote fusion and rosette-rosette
adherence. PSA is a polyanion that, for example with PSA-NCAM, prevents adhesive
interactions (Muhlenhoff et al. 2009). However, removing as few as 10--20% of N-acetyl
groups on PSA produces a dramatic change of physical properties where the presence of
zwitterionic neuraminic acid residues results in aggregation of NeuPSA derivatives (GM.,
unpublished). Thus due to these aggregative properties, PSA/NeuPSA expression may also
have a role in the formation of bio-films or gels in the sand fly gut that are essential for
parasite transmission to its human host (Rogers and Bates 2007). PSA/NeuPSA expression,
however, does not appear to be essential for rosette formation as some promastigotes present
in rosettes did not express either PSA or NeuPSA.

To our knowledge this is the first report of three observations: the presence of a stage-
specific expression of PSA/NeuPSA in any microorganism; predictable rosette swarming in
Leishmania; and the development of unique cellular fusion bodies among Leishmania or
other kinetoplastids. Therefore, this represents the first molecular, physiological, and
morphological evidence that rosettes represent a genuine stage in the life cycle of these
parasites.

Of the various morphological forms of leishmanial cells that have been reported, rosettes
have largely been ignored, being considered artifacts (Mehlhorn and Armstrong 2001;
Schuster and Sullivan 2002) despite their repeated observation within the midgut of sandfly
and flea insect vectors (Feliciangeli et al. 1988; Gontijo et al. 1995; Lainson and Shaw 1973;
Leishman 1911), and the precise orientation of promastigote cells with their flagella directed
toward the center of the rosette, an arrangement with obvious resemblance to the pairing of
Chlamydomonas cells during the mating process (Pan and Snell 2000). Recently, genetic
recombination in Leishmania has been demonstrated, providing evidence that a sexual cycle
does exist for these organisms (Akopyants et al. 2009). However, these authors indicated
that passage of parental strains through the sandfly insect vector was necessary in order to
achieve genetic exchange. From our studies we hypothesize that conditions promoting the
formation of rosette structures are a necessary component for successful in vitro activation
of the sexual stage in these organisms and that genetic recombination experiments may now
be possible under laboratory conditions without the need for sandfly passage.

In addition, we have recently shown that unlike PSA, NeuPSA is immunogenic and elicits
antibodies that are protective against meningococcal group B and C strains by mediating

complement activation (Moe et al. 2009). Since we have shown that NeuPSA antigens are
also expressed during a previously unrecognized stage in the life cycle of Leishmania, the
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possibility arises that NeuPSA-based vaccines or drugs that inhibit NeuPSA synthesis may
also be useful in preventing or treating leishmanial disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Detection by monoclonal antibodies (mADb) of Poly a 2,8 N-acetyl neuraminic acid (PSA)
and PSA containing de-N-acetyl neuraminic acid (NeuPSA) in Leishmania major.
Promastigote cells were labeled with each mAb indicated and examined by flow cytometry.
Upper panel, binding without Triton X-100 exposure to detect only surface-associated
antigens; lower panel, mAb binding after a 10 min Triton X-100 exposure to detect both
cytoplasmic and surface-associated antigens. Black fill, binding of indicated mAb; white fill,
irrelevant isotype matched control mAbs. Results indicate that nearly all leishmanial
promastigotes possess PSA/NeuPSA internally, but only a small fraction of the population
expresses these antigens on their surface when grown at 24--26 °C. In contrast, nearly all
cells express cell surface gp63 under the same culture conditions.
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Fig. 2.

Confocal microscopic examination of Leishmania major rosettes labeled with Poly a 2,8 N-
acetyl neuraminic acid (PSA) and PSA containing de-N-acetyl neuraminic acid (NeuPSA).
A, light micrograph with DAPI-fluorescent labeling overlay; B, anti-PSA mAb 2-1-B/DAPI
labeling; C, anti-NeuPSA mAb SEAM 2/DAPI labeling; D, composite of mAb 2-1-B/mAb
SEAM 2/DAPI labeling. Individual promastigote cells within the rosette expressing PSA,
NeuPSA or both can be observed. Scale bars, 10 um.
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Fig. 3.

Confocal microscopic examination of Leishmania major culture containing a mixture of
rosettes and individual promastigotes labeled with the anti-Poly o 2,8 N-acetyl neuraminic
acid (PSA) mAb 2-1-B. A, light micrograph of a mixture of individual promastigotes and
promastigotes within rosettes; B, PSA labeling of promastigotes shown in A with 2-1-B; C,
composite of A and B. Only promastigote cells within rosettes express PSA. Scale bars, 20
pm.
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Fig. 4.

Specific inhibition of anti-Poly a 2,8 N-acetyl neuraminic acid (anti-PSA) and anti-PSA
containing de-N-acetyl neuraminic acid (anti-NeuPSA) mAb binding to leishmanial rosettes.
Monoclonal antibodies (mAbs) were preincubated with each inhibitor for 20 min and
subsequently added to rosette preparations. Poly o 2,8 N-acetyl neuraminic acid (PSA) is
reactive with mAbs 2-1-B and SEAM 12 but not mAb SEAM 2; N-propionyl PSA (N-Pr
PSA) is reactive with mAbs SEAM 12 and SEAM 2 but not mAb 2-1-B; N-trichloroacetyl
PSA (N-TcAc PSA) is reactive only with mAb SEAM 2. Labeled cells were examined by
flow cytometry. Black fill, indicates mAb binding; gray fill, indicates mAb signal in the
presence of specific inhibitor; white fill, irrelevant isotype matched control mAb. Specific
inhibition of each anti-PSA and anti-NeuPSA mADb is observed.
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Fig. 5.

Temperature dependency of cell surface expression of Poly o 2,8 N-acetyl neuraminic acid
(PSA) and PSA containing de-N-acetyl neuraminic acid (NeuPSA) by leishmanial rosettes.
Cells were cultivated at 16 °C (dotted line, white fill), 20 °C (black fill), and 24 °C (dotted
line, gray fill) for at least 4 weeks prior to labeling. Irrelevant isotype matched control mAb
(solid line, white fill, signal intensity <10). Maximal cell surface expression of PSA/
NeuPSA occurs when promastigotes were cultured at 20 °C.
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Western blot of Triton X-114 fractionated leishmanial rosette preparations. A, irrelevant
mADb control; B, mAb SEAM 12; C, mAb SEAM 2. Lane 1, Triton X-114 fraction; lane 2,
buffer fraction; lane 3, detergent insoluble cell pellet fraction; D, detergent insoluble cell
pellet fraction with SEAM 12 in the absence (lane 1) or presence (lane 2) of 100 pg/ml N-Pr
PSA as a specific inhibitor of SEAM 12 binding. A single band of approximately 50kDa
from the detergent insoluble cell pellet is identified by anti-PSA/NeuPSA and its detection
specifically inhibited by N-Pr PSA.
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Fig. 7.

Observation of rosette swarming in Leishmania. A,0h; B,2h; C,4 h; D,8h; E, 30 h. At0
h, a confluent cell suspension is observable. At 2 h, a spotty appearance is detectable
corresponding to regions of higher and lower cell density. These elongate at 4 h and begin to
converge at 8 h. Cells eventually congregate into a star-like appearance in the center of the
Petri dish.

J Eukaryot Microbiol. Author manuscript; available in PMC 2011 September 1.



lovannisci et al. Page 19

Fig. 8.

Generation of fusion bodies from leishmanial rosettes. Micrograph taken of a live,
unmanipulated culture. Individual as well as large aggregates of rosettes can be seen. Center
downward arrow indicates 2 spherical fusion bodies forming on a single rosette. Additional
arrows indicate numerous individual fusion bodies that have been released from rosettes.
Note the size and morphology compared to nearby promastigote cells. These morphologies
are distinct from any previously described leishmanial cellular structures, such as
amastigotes, promastigotes or rosettes. Scale bar: 50 pm.
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b

Fig. 9.

Labeling of fusion bodies by Leishmania specific anti-gp63 monoclonal antibody (mAb).
Left panel, light microscopy; right panel, fluorescence microscopy. Numerous individual
promastigotes are visible and contain a single nucleus and single kinetoplast stained with
DAPI. A dividing cell (arrow a) and fusion body (arrow b) are shown along with individual
promatigotes. All cells including the fusion body were detected by the Leishmania specific
anti-gp63 mAb, demonstrating that fusion bodies are not artifacts or contaminants. Fusion
bodies contain multiple DAPI staining foci as expected by the fusion of two or more
leishmanial promastigotes. The ratio of the integrated pixel density of DAPI DNA staining
in the dividing cell and fusion body compared to five individual promastigotes in the same
micrograph were 1.88 and 2.70, respectively. Scale bar, 10 um.
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Fig. 10.

Proposed model for the role of rosette formation, and of Poly a 2,8 N-acetyl neuraminic acid
(PSA) and PSA containing de-N-acetyl neuraminic acid (NeuPSA) expression in the
leishmanial life cycle. Under the appropriate growth conditions, promastigotes of
Leishmania form rosettes in significant numbers and begin to express cell surface PSA and
NeuPSA. For simplicity only two cells within a single rosette are shown expressing PSA or
NeuPSA (labeled red and green, respectively), each containing a single nucleus and
kinetoplast labeled in blue. Cell surface PSA/NeuPSA expression promotes the fusion of
two or more neighboring promastigotes (labeled yellow), allowing the potential co-mingling
of their kinetoplast and nuclear genomes. Fusion bodies, subsequently exhibit a distinct
morphology, and are released from the rosettes.
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