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An Improved Method for Assessing Antigen Presentation
on the Surface of Plasmodium falciparum-Infected
Erythrocytes by Immuno-Electron Microscopy
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Ulrich S. Schwarz , and Michael Lanzer

Abstract

Immuno-electron microscopy can detect and localize antigens in cells or tissues at a resolution of several
nanometers. In the case of P. falciparum-infected erythrocytes, immuno-EM studies are frequently ham-
pered by the electron-dense nature of the hemoglobin and access of antibodies to antigenic sites, particu-
larly if the targeted protein is presented on the host cell surface or lies in proximity to the host cell
cytoskeleton. Here, we describe an improved immuno-EM protocol that overcomes these problems. The
improved signal to noise ratio and the enhanced access to antigenic sites now allows one to obtain
information regarding target density and distribution and, hence, additional insights into the architecture
and function of parasite-induced, or -affected, structures.
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1 Introduction

To view cells and tissues under the electron microscope, the sample
must be thin. This is typically achieved by sectioning an embedded
specimen into thin slices using a diamond knife. Each cut exposes a
new layer of the cell interior. The antigens that are located directly
on the newly exposed surface are accessible to antibodies, unlike
antigens located deeper in the section, which are not accessible
because of restricted penetration by antibodies. For instance, anti-
bodies can penetrate merely a few nanometers into samples embed-
ded in epoxy resins [1]. The penetration can be extended to
20–25 nm in unembedded tissue slices, such as those prepared by
the Tokuyasu method [2]. Nevertheless, the accessibility to anti-
genic sites diminishes with the distance from the surface. As a
result, it is difficult if not impossible to obtain semi-quantitative
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information regarding the number and density of a given target
protein in a certain subcellular structure or compartment.

One of the hallmarks of erythrocytes infected by P. falciparum
is the induction of a system of thousands of adhesive knobs on the
surface of the host cell. Due to their small size, the organization of
the knobs cannot be investigated with optical microscopy, but
necessitates the use of electron microscopy. However, the limita-
tions described above have so far hampered a detailed and compre-
hensive description of knobs and the factors that form, and
associate with, knobs, in spite of knobs being readily discernable
in EM images as electron dense protrusions of the plasma mem-
brane of P. falciparum-infected erythrocytes. Given that knobs
have a three-dimensional structure with a diameter of ~80 nm
and a height of ~6–8 nm [3, 4], they extend into the
non-penetrable part of the EM section. As a consequence, antigenic
sites of the knobs close to the surface of the EM section are labeled
more intensely with a specific antibody than sites deeper in the
section. Even improved visualization, as can be achieved by 3D
tomography, cannot avoid artificial label distribution. Thus, an
antibody directed against the PfEMP1 adhesins that are presented
on the surface of knobs would only detect a limited number of
molecules owing to the penetration problem. It is even more
difficult to antibody-label a target protein that is a constituent or
an associated factor of knobs. In the latter case, the antibody
penetration problem would be compounded by the high density
of the surrounding hemoglobin and an unfavorable background to
noise ratio.

Here, we describe improved immuno-EM methods that assure
equal accessibility of primary antibodies to antigenic sites located i)
on the cell surface and ii) at the cytoplasmic side of the plasma
membrane. The first protocol relies on antibody labeling of intact,
unfixed parasitized erythrocytes in suspension. The second
approach requires hemolysis of the infected erythrocyte and expo-
sure of the cytoplasmic face of the plasma membrane and, where
necessary, fenestration or complete removal of the plasma mem-
brane with a detergent. We provide here a detailed description of
our modifications; however, for the details on classical EM proce-
dure, we refer the interested reader to the relevant literature [5].

2 Materials

2.1 P. falciparum-
Infected Erythrocytes

1. Purified P. falciparum-infected erythrocytes. A convenient way
to enrich for infected erythrocytes is to use a strong magnet (see
Chapter 34). For most experiments described in this chapter,
sufficient amounts of purified infected erythrocytes at the tro-
phozoite stage can be obtained from a 10-cm culture dish
containing 0.5 ml packed cells in 10–15 ml supplementary

446 Marek Cyrklaff et al.



RPMI 1640 culture medium at a parasitemia of 2–5% (see
Notes 1 and 2).

2.2 Reagents and
Solutions

Prepare all solutions using deionized water and store the solutions
at 4 !C (unless stated otherwise). Diligently follow all waste dis-
posal regulations. Pay particular attention to properly disposing
aldehyde fixatives and heavy metal salts (uranyl acetate, osmium
tetroxide, lead citrate, etc.). The amounts of fixatives and contrast-
ing medium should match the experimental needs; avoid preparing
excess amounts and, thus, unnecessary disposal.

1. Fixation solution: 4% paraformaldehyde (PFA) and 0.016%
glutaraldehyde (GA) in phosphate buffer saline (PBS) (unless
indicated otherwise) (see Note 3).

2. Fixative quenching solution: 0.15% glycine in PBS.

3. Blocking solution: 0.8% bovine serum albumin (BSA) and 0.1%
fish skin gelatin (FSG) in PBS (see Note 4).

4. Final fixative (after immunolabeling procedure): 1% GA
in PBS.

5. EM grids with appropriate mesh size (e.g., Cu 200 mesh,
coated with plastic film and reinforced with a 2-nm
carbon coat).

6. Lysis buffer: 10 mM sodium phosphate, pH 8.0, 10 mMNaCl.

7. Detergent containing lysis buffer: 5 mM sodium phosphate,
pH 7.5, 2 mM MgCl2, 1 mM EDTA, 1 mM DDT, 0.2%
NP40-S.

8. Distilled water.

9. Embedding medium: Mix 0.5 ml of 2% uranyl acetate aqueous
solution and 0.5 ml of 2% methyl cellulose aqueous solution.
1 ml of embedding medium is sufficient for five grids.

10. Filter paper with coarser fibers.

11. Loops made of thin metal wire, with a loop diameter of
4–5 mm—to fit the grid for drying.

12. Primary antibodies: Use home-made or commercially available
polyclonal or monoclonal antibodies specific to surface anti-
gens, such as PfEMP1 (see Chapters 28–30), or components of
the knobs, such as KAHRP, or the membrane skeleton, such as
actin, spectrin or ankyrin.

13. Secondary antibodies: colloidal gold (optimum 10 nm) cou-
pled secondary antibodies specific for the primary antibodies,
e.g., a goat-anti human antisera if the primary antibody is of
human origin. If a gold-conjugated secondary antibody is not
available, use a rabbit anti-primary antibody in the second step
followed by colloidal gold (protein A with 10 nm gold) in the
third step.
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14. Glow discharge apparatus.

15. The python scripts described in this chapter can be
downloaded from: https://github.com/usschwarz/PfEMP1-
Distribution.

16. Transparent paper.

17. Pencil or felt pen.

18. 0.1% poly-L-lysine in PBS.

19. Blotting paper.

20. Forceps.

21. Parafilm.

3 Methods

All procedures presented in this chapter derive essentially from
classical and well-established immuno-EM labeling protocols
[5]. For protocols on preparation of samples for transmission elec-
tron microscopy (TEM), troubleshooting, and general questions
regarding optimization of immuno-EM images, we refer the reader
to the relevant literature [5] (see Note 5). Carry out all procedures
at room temperature (RT) unless specified otherwise.

3.1 Immunolabeling
of Surface Markers on
Knobs

3.1.1 Sample

Preparation

1. Transfer the purified suspension of parasitized erythrocytes to a
1.5- or 2-ml Eppendorf tube.

2. Centrifuge cells for 2 min at 700 " g in an Eppendorf
centrifuge.

3. Rinse cells with PBS (or fixative quenching solution, when
fixed cells are used) and spin two times at 700 " g for 2 min
each (see Note 6).

4. Discard the supernatant.

5. Add blocking solution to cells for 30 min. Spin for 2 min. Keep
approximately 20 μl suspension on top of pellet (do not dry the
sample).

6. Add primary antibody (e.g., human anti-PfEMP1) diluted in
blocking buffer at desired concentration (or use series of dilu-
tions, see Note 7). Pay attention to the fact that the volume of
the cell pellet dilutes the antibody concentration. Mix well and
incubate for 60 min (30–90 min, depending on labeling effi-
ciency), while gently agitating (see Note 7). Double (multiple)
labeling might also be possible; although it is not considered in
this protocol.

7. Rinse in blocking buffer and spin as above (step 2) two times
for 2 min.
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8. Add secondary antibody (e.g., goat anti-human, coupled to
10 nm protein A-gold (PA-gold)) (see Note 8) diluted in
blocking buffer as specified by the manufacturer (e.g., 1:20)
for 30–60 min (see Note 9).

9. Rinse in blocking buffer and spin at 700 " g for 2 min.

10. Prepare sections of, e.g., 200 nm thickness, using standard
methodology for preparation of tissue sections [5]. Thicker
sections increase the chance of capturing complete knobs in
side views and also include more markers in the field of view.
Alternatively to classical TEM preparation, fix sample in final
fixative, put a drop of suspension on EM grid and preserve in
embedding medium (see Subheading 3.2.3, steps 10–15).
Some areas of slack plasma membranes should be thin enough
for viewing in TEM. Alternatively, break the plasma membrane
using a hypotonic solution to release hemoglobin (see
Subheading 3.2.1).

3.1.2 Data Analysis and

Spatial Distribution of

Marker Protein

In this section, we describe a protocol to determine the spatial
distribution of PfEMP1 molecules on knobs [3]. However, the
procedure can be transferred to other markers or, for that matter,
to other defined surface structures. It is important to note that as
many as 200–300 knobs need to be imaged and analyzed in order
to obtain statistically reliable data. One further needs to take into
account that only a fraction of available antigenic sites is effectively
labeled in immuno-EM and also that the physical distance of the
electron dense marker from the actual epitope can be as much as
30 nm when primary and secondary antibodies were used for
labeling.

1. From 2D EM images (Fig. 1a), select those knobs for further
analysis where the sectional plane includes both the base and
the tip of the knob, such that the full contour of the knob is
visible.

2. Rotate extracted images to view the knobs at the same orienta-
tion, e.g., horizontal or vertical.

3. Measure knob dimensions, e.g., the size of the knob base and
the knob height (or any other characteristic relevant to the
study). If all knobs are very regular in size and shape, proceed
straight to step 4; if knobs are heterogeneous, group them into
classes.

4. For each class, create a template on transparent paper by draw-
ing a series of parallel lines that vertically divide the knob into
sections of 5 nm line-to-line distance each and which extend to
each side of the knob base but not beyond. Other distances
between lines can also be chosen, depending on the accuracy of
the experiment. Number each section from the center of the
knobs outward, such that the two sectors in the center of the
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knob have the number 1, the sectors flanking the central sec-
tors the number 2, and so on.

5. Properly place the template over the knob image and copy with
a felt pen or pencil the position of the gold label (Fig. 1b).

6. Repeat the procedure on a large number of knobs to reach a
statistically significant label distribution (Fig. 1c). This may
require analyzing 200–300 knobs.

7. Create a bar chart by plotting the number of gold labels as a
function of the sector, yielding a probability distribution that
reveals sections of high and low label encounter (Fig. 1d).
(In the case of the PfEMP1 variant VAR2CSA, the probability
to encounter a gold-labeled VAR2CSA was the highest at the
tip of the knob and declined toward the knob base [3]).

8. Convert the 2D data into a discrete radial distribution model
and, hence, a spatial projection model, by taking into account
the thickness of the EM slice and assuming, in a first approxi-
mation, that knobs have a hemispherical shape (Fig. 1e). To

Fig. 1 Immunolabeling on cell surface: Spatial arrangement of VAR2CSA molecules on knobs. (a) TEM image
showing a thin EM sections through the cell margin with some knobs decorated with gold on the surface. The
section was labeled with a VAR2CSA monoclonal antibody as a primary antibody and, as a secondary antibody,
with a goat anti-human antibody coupled to 10 nm colloidal gold. Scale bar, 100 nm. (b) Extracted knob
decorated with gold markers. The image is overlaid with a line grid, dividing the image into sectors of equal
size. The sections were numbered from the center of the knobs outward. Bar, 30 nm. (c) Template indicating
the position of gold markers, as observed by examining 100 or more knobs. (d) Number of gold markers per
section. (e) Distribution of VAR2CSA molecules on knobs as a function of the arc length (from center to
periphery), assuming knobs have a hemispherical shape [6]. (f) A spatial probability distribution model
showing the predicted location of 100 VAR2CSA molecules on an idealized hemispherical knob. Bar, 50 nm
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convert the measured density in x-sectors to a density in circu-
lar rings along the arc length of a half-sphere, use the python
script “density-in-sectors.py” [6].

9. Use the python script “distribution-on-half-sphere.py” to gen-
erate a 3D distribution model that localizes the targeted pro-
tein on an idealized hemi-spherical knob (Fig. 1f) [6].

10. Calculate the nearest neighbor distance between targeted
molecules on knobs, using the python script “average_dis-
tances.py” [6].

3.2 Immunolabeling
at the Cytoplasmic
Side of the Plasma
Membrane

There are different ways to improve access to antigenic site close to
the plasma membrane of the infected erythrocyte, such as compo-
nents of knobs or the membrane skeleton. Possible strategies
include cell lysis, treatment with detergent, or a combination
of both.

3.2.1 Hypotonic Cell

Lysis on EM Grid

1. Use grids of the desired mesh size (see Note 10).

2. Treat the grid in a glow discharge apparatus to make the surface
slightly hydrophilic.

3. Treat grid surface with 0.1% poly-L-lysine for 20 min immedi-
ately before experiment.

4. Wash grid extensively with PBS.

5. Add 3–5 μl (1 " 106 cells) of purified parasitized erythrocytes
on EM grid, incubate for 5 min at room temperature to let cells
sediment and adhere to the grid surface.

6. Lyse the cells, using lysis buffer. To do so, place the grid on
blotting paper. Lift up one edge of the grid with forceps and
hold it, while applying with a pipette a steady flow of 50–80 μl
double distilled water for 30 s—from one edge of the grid
down to the edge of the grid that is still placed on the blotting
paper. Wash with distilled water, as described above. Do not let
the grid dry; always keep the grid moist (see Note 11). With
this procedure, the infected erythrocytes are lysed, while parts
of the erythrocyte plasma membranes remain attached to the
grid surface in an exposed fashion. Hemoglobin and the major-
ity of parasites are washed away.

7. Proceed to Subheading 3.2.3 for immunolabeling.

3.2.2 Detergent-Induced

Cell Lysis on EM Grid

1. Prepare grid as described in Subheading 3.2.1, points 1–4.

2. Place the grid on a drop of detergent containing lysis buffer for
10 min. Avoid wetting the back side and sinking of the grid,
which often happens when incubating the grids in solutions
containing strong surfactants, such as common detergents. To
prevent grid sinking, either invert the drop (thereby creating a
kind of a “hanging drop” with grid floating below) or use a

An Improved Method for Assessing Antigen Presentation on the Surface of ## 451



detergent concentration close to, or only slightly above, the
critical micellar concentration value.

3. Wash grid five times for 1 min each, by placing it on drops of
PBS (~30 μl on a parafilm).

4. Proceed to Subheading 3.2.3 for immunolabeling.

3.2.3 Immunolabeling

with Specific Antibodies

Follow a classical immunolabeling protocol established for immu-
nolabeling of Tokuyasu and plastic sections [5]. The following
steps, i.e., labeling, washing, and embedding, are done by floating
the grid on drops of 30–50 μl of the respective solution (see Note
12). The specimen containing side of the grid is always facing the
liquid. Avoid drying the specimen between steps until final
embedding.

1. Prepare grids, parasitized erythrocytes, conduct cell lysis, and
apply the material on an EM grid as described above.

2. Float the grid on a drop of blocking solution for 10 min.

3. Incubate grid on a 10–20 μl drop of primary (e.g., anti-
PfEMP1) antibody diluted in the blocking solution at the
desired concentration for 30–90 min.

4. Wash the grid on drops of blocking solution three times for
5 min each.

5. Incubate the grid on a drop of secondary antibody-PA gold
conjugate, diluted in blocking buffer at the concentration spe-
cified by the manufacturer (e.g., 1:30) for 30 min.

6. Wash the grid on a drop of blocking solution once for 5 min.

7. Wash the grid on a drop of PBS once for 5 min.

8. Fix the grid on a drop of final fixative (see Subheading 2.2) for
10 min.

9. Rinse the grid on two drops of distilled water twice for
1 min each.

10. In addition, rinse the grid on two drops of ice-cold distilled
water twice for 1 min each on ice.

11. Embed in embedding medium on ice (fast wash on two drops
and incubate for 8 min on the third drop).

12. Collect the grid from the last drop of embedding medium with
a wire loop.

13. Blot excess of embedding medium by smearing the edge of the
loop on filter paper with a larger fiber size and a high soaking
speed.

14. Air-dry the grid in the loop overnight and collect it carefully
with forceps.
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15. View the specimen under the electron microscope. Focus on
patches of membrane where the cytoplasmic side of the eryth-
rocyte plasma membrane is exposed. Avoid folds in membranes
and not completely opened erythrocytes. This assures that the
images represent areas of unrestricted access of antibodies and
electron dense probes to antigenic sites. Collect EM-projection
images or tomographic tilt series.

4 Notes

1. It is advisable to prepare an excess amount of purified infected
erythrocytes to compensate for cell loss during the preparation,
especially when labeling epitopes on the cell surface.

2. Preferentially use infected erythrocytes immediately after puri-
fication. If it cannot be avoided, cells can be kept for less than
2 h at RT. If cells need to be stored for longer periods, then it is
recommended to fix the cells mildly in PBS buffer containing
4% paraformaldehyde and 0.016% glutaraldehyde. Fixed cells
can be kept for several days at 4 !C before immunolabeling.
However, fixation can reduce the labeling efficiency, as we
observed when labeling surface proteins.

3. Fixation with paraformaldehyde (PFA) is reversible and, after
removing the fixative, the protein reverses to its natural confor-
mation, enabling binding of specific antibodies. However, the
fixation with PFA is believed to preserve biological structures
and cell morphology only partially. In comparison, fixation
with glutaraldehyde preserves biological material very well,
but generally leads to irreversible changes in the structure of
molecules, which, in turn, can affect antibody binding. Never-
theless, some molecules maintain their affinity to a specific
antibody even after GA fixation at higher concentrations.
How susceptible a given epitope/antibody reaction is should
be tested experimentally. In case antibody binding is lost after
GA fixation, one may consider using only PFA as fixative.
Conversely, if the labeling efficiency is not affected, one might
consider increasing the GA concentration in the fixative solu-
tion gradually up to 1%.

4. The efficiency of labeling and the specific signal to background
ratio partially depend on the blocking solution used in the
washing steps and for diluting antibodies and gold markers
(among other factors that are listed inNote 5). It is, therefore,
advisable to optimize the blocking solution for each experi-
ment to achieve optimal results. The blocking solution may
contain only BSA (1–3% in PBS), only FSG (0.8–3% in PBS), or
a mixture of BSA and FSG in PBS at a ratio of, e.g., 0.1–1.5%,
0.5–1%, or other combinations.
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5. The selectivity and specificity of labeling depend on a number
of factors, including specimen handling, quality of primary and
secondary antibodies, affinity of antibodies to corresponding
epitopes, time and temperature of labeling, and blocking con-
ditions (seeNote 4). Adjust these factors to achieve best results.

6. If starting sample is small, or if substantial amounts of cells are
lost in each spinning step, consider spinning fewer times than
indicated. However, this likely decreases the fidelity of the
labeling and may result in lower and less specific labeling and
increased background.

7. Use antibody dilutions of 1:5, 1:20, 1:100, or similar. As a rule
of thumb, use a 100-fold higher concentration of primary
antibodies than recommended for, e.g., Western analysis. This
rule applies to labeling of surface and intracellular antigens. To
improve labeling efficiency and the signal to noise ratio, adjust
antibody concentration, temperature (ice, RT, 37 !C), agita-
tion, and blocking conditions.

8. If a secondary antibody coupled to protein A-gold is unavail-
able apply three-step labeling procedure: Use a rabbit second-
ary antibody against the primary antibody in the second step,
then rinse in blocking buffer, and then, in a third step, add
protein A-gold in blocking buffer at the concentration as spe-
cified by the manufacturer.

9. To improve the signal to noise ratio, one can vary the secondary
antibody dilution (such as 1:20; 1:30; 1:50, etc.), the time of
incubation (20–60 min) and the temperature (ice; RT; 37 !C).
One may further consider using an antibody from a different
supplier as the quality of an antibody may vary between man-
ufacturers and sometimes even between different batches from
the same manufacturer. Other factors that may affect the label-
ing efficiency and the signal to noise ratio are the age of the
antibody and the storing conditions. Use the desired size of
PA-gold, such as 5 nm, 10 nm, 15 nm; although according to
our experience, 10 nm gold most often gives the best results.
Consider negative control experiments, using secondary
antibodies only.

10. Use EM grids with continuous plastic film (either home-made
or purchased from a commercial supplier), stabilized with a
2–5 nm carbon coat. Use grids of the desired mesh that allows
for film stability, e.g., square or hexagonal 200 or 300 mesh
copper grids. However, for tomographic data collection use
slot grids, or grids with a larger mesh (e.g., 100), containing a
continuous formvar film coated with 2–5 nm carbon.

11. If hemolysis is incomplete or if the exposed membranes are
covered by contaminating hemoglobin, it is advisable to repeat
the cell lysing with fresh purified erythrocytes under conditions
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of increased water flow and/or longer washing times. Contam-
inating hemoglobin will unnecessarily increase the mass thick-
ness of the specimen, obstruct access of antibodies to antigenic
sites, reduce the contrast in EM images and tomograms, and
hinder the detection of fine structural details. In cases in which
parasites still remain attached to, or trapped in, host mem-
branes, continue with sample preparation and data collection,
provided there are large enough areas of free and exposed
plasma membrane.

12. If the antibody is precious, reduce the drop size to 10 μl or even
5 μl. When floating grids on very small drops of liquid, assure it
is done in humid conditions, e.g., in a small petri dish with
wetted tissue inside.

Acknowledgments

This work was funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation)—Project number
240245660—SFB 1129 (M.L. and U.S.S.).

References

1. Stierhof YD, Schwarz H (1989) Labeling prop-
erties of sucrose-infiltrated cryosections. Scan-
ning Microsc Suppl 3:35–46

2. Lucocq J (1994) Quantitation of gold labelling
and antigens in immunolabelled ultrathin sec-
tions. J Anat 184(Pt 1):1–13

3. Sanchez CP, Karathanasis C, Sanchez R,
Cyrklaff M, J€ager J, Buchholz B et al (2019)
Single-molecule imaging and quantification of
the immune-variant adhesin VAR2CSA on
knobs of Plasmodium falciparum-infected ery-
throcytes. Commun Biol 2:172

4. Quadt KA, Barfod L, Andersen D, Bruun J,
Gyan B, Hassenkam T et al (2012) The density
of knobs on Plasmodium falciparum-infected
erythrocytes depends on developmental age
and varies among isolates. PLoS One 7:e45658

5. Griffiths G (1993) Fine structure immunocyto-
chemistry. Springer-Verlag, Berlin

6. J€ager J, Schwarz US (2019) PfEMP1 distribu-
tion. https://github.com/usschwarz/
PfEMP1-Distribution

An Improved Method for Assessing Antigen Presentation on the Surface of ## 455


	Preface
	Contents
	Contributors
	Part I: Collecting, Growing, Monitoring, and Manipulating Plasmodium falciparum Parasites
	Chapter 1: Identification and Enumeration of Plasmodium falciparum Parasites by Light Microscopy
	1 Introduction
	2 Materials
	3 Methods
	3.1 Preparation of Blood Smears
	3.2 Giemsa Staining
	3.3 Quality Control Slides for Giemsa Staining
	3.4 Examining the Blood films for Parasites
	3.5 Estimating the Parasitemia

	4 Notes
	References

	Chapter 2: Collection and Cryopreservation of Plasmodium falciparum Clinical Isolates in the Field
	1 Introduction
	2 Materials
	2.1 Glycerolyte Parasite Freezing and Thawing
	2.2 Snap Freezing and Thawing of Parasites

	3 Methods
	3.1 Cryopreservation of Clinical Isolates with Glycerolyte
	3.2 Thawing of Glycerolyte Frozen Parasites
	3.3 Snap Freezing of Parasites
	3.4 Thawing of Snap-Frozen Parasites for In Vitro Studies
	3.5 Washing of Uninfected Human Type A or Type O Blood

	4 Notes
	References

	Chapter 3: Preservation of Parasite RNA in the Field
	1 Introduction
	2 Materials
	2.1 Blood Collection
	2.2 Leucocyte Depletion by Filtration
	2.3 RNA Preservation

	3 Method
	3.1 Preservation of Whole Blood
	3.2 Preservation of Packed Erythrocyte

	4 Notes
	References

	Chapter 4: Preservation and Extraction of Malaria Parasite DNA from Dried Blood Spots
	1 Introduction
	1.1 Comparison of Methods for DNA Extraction

	2 Materials
	3 Methods
	3.1 DNA Extraction: Chelex-100/Chelex-Resin

	4 Notes
	References

	Chapter 5: Establishing and Maintaining In Vitro Cultures of Asexual Blood Stages of Plasmodium falciparum
	1 Introduction
	2 Materials
	2.1 Thawing Parasites
	2.2 Culture Medium and Red Blood Cells
	2.3 Cryopreservation

	3 Methods
	3.1 Thawing of Frozen Parasites
	3.2 Parasite Culture
	3.3 Freezing Parasites

	4 Notes
	References

	Chapter 6: Genotyping of Plasmodium falciparum to Assess Clone Composition in Parasite Cultures
	1 Introduction
	2 Materials
	2.1 General Consumables and Equipment
	2.2 PCR Primary Reaction
	2.3 PCR Nested Reaction for msp2 FC27 and IC Families
	2.4 Capillary Electrophoresis Reaction

	3 Methods
	3.1 Preparing the PCR Primary Reaction (See Note 13)
	3.2 Preparing the Nested PCR Reaction for FC27 and IC Families (See Notes 13 and 17)
	3.3 Preparing the CE Reaction (See Note 20)
	3.4 Analyzing the Results in CE Fragment Analysis Genotyping Software
	3.5 Analyzing the Results, Online
	3.6 Results Interpretation
	3.7 Sequencing the PCR Products

	4 Notes
	References

	Chapter 7: Immunomagnetic Selection of Plasmodium falciparum-Infected Erythrocytes Expressing Particular PfEMP1 Variants
	1 Introduction
	2 Materials
	2.1 Selection of Parasites
	2.2 Flow Cytometry

	3 Methods
	3.1 Parasite Separation with Gelatine
	3.2 Coating Magnetic Beads with Antibodies
	3.3 Binding Parasites to the Coated Beads
	3.4 Day After Selection (Removing Beads)
	3.5 Magnetic Purification of Late-Stage IEs
	3.6 Labeling of IEs and Flow Cytometry

	4 Notes
	References

	Chapter 8: Single-Cell Sorting of Plasmodium falciparum-Infected Erythrocytes Expressing Particular PfEMP1 Variants
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Transfection of Parasites
	2.3 Cell Sorting and Flow Cytometry

	3 Methods
	3.1 Transfection
	3.2 Maintenance of Transfected Parasites Before Sorting
	3.3 Labelling of IEs with Antibodies or Serum Proteins
	3.4 Sorting of IEs
	3.5 Maintenance of Sorted Parasites
	3.6 Evaluation of Parasitemia by Flow Cytometry
	3.7 Data Analysis of Flow Cytometry
	3.8 Maintenance of Sorted Parasites: Culture Flasks

	4 Notes
	References

	Chapter 9: Selecting Plasmodium falciparum Infected Erythrocytes for Adhesion to Cell Lines
	1 Introduction
	2 Materials
	2.1 P. falciparum Culture and Gelatin Purification
	2.2 Endothelial or CHO Cell Culture
	2.3 Panning Assay for Selection of  IEs

	3 Methods
	3.1 P. falciparum Parasite Culture
	3.2 Gelatin Purification of Infected Erythrocytes
	3.3 Endothelial or CHO Cell Culture
	3.4 Seeding of Cells for the Panning Assay
	3.5 Panning Assay to Select IEs for Binding to Cells

	4 Notes
	References

	Chapter 10: Synchronisation of Plasmodium falciparum and P. knowlesi In Vitro Cultures Using a Highly Specific Protein Kinase ...
	1 Introduction
	2 Materials
	2.1 Materials Required for the Preparation of an ML10 Stock Solution
	2.2 Materials Required to Obtain Highly Synchronous Cultures of Early Plasmodium Ring-Stage Parasites
	2.3 Materials Required for ML10-Assisted Transfection of P. falciparum Schizonts
	2.4 Materials for a SYBR Green I Assay to Determine the EC50 of ML10 for growth of Plasmodium Strains and Species

	3 Methods
	3.1 Maintenance of P. falciparum Cultures Using Percoll and d-sorbitol
	3.2 Synchronization of P. falciparum Cultures Using ML10
	3.3 Maintenance of Synchronous P. knowlesi (A1-H.1) Cultures
	3.4 Synchronization of P. knowlesi Cultures Using ML10
	3.5 Transfection of Late Stage P. falciparum Schizonts Using ML10
	3.6 SYBR Green I Assay to Measure the EC50 of ML10 in Plasmodium Parasite Lines and Species

	4 Notes
	References

	Chapter 11: Generation of Plasmodium falciparum Gametocytes In Vitro with Specific Considerations for Field Isolates
	1 Introduction
	2 Materials
	2.1 Generation of P. falciparum Gametocyte-Infected Erythrocytes

	3 Methods
	3.1 Production of High Numbers of Pure Synchronous Gametocytes
	3.2 Purification of Stage I and Removal of Asexual Contaminants
	3.3 Magnet Activation Cell Sorting (MACS) and Enrichment of Gametocyte Developmental Stages
	3.4 Induction of Exflagellation to Determine Maturity

	4 Notes
	References

	Chapter 12: Imaging of Extracellular Vesicles Derived from Plasmodium falciparum-Infected Red Blood Cells Using Atomic Force M...
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Extracellular Vesicles Isolation and Nanotracking Particle Analysis
	2.3 AFM Analysis

	3 Methods
	3.1 Growth of Malaria Parasites
	3.2 Isolation and Concentration of Pf-EV
	3.3 Estimation of P. falciparum-Derived EV Concentration
	3.4 AFM Analysis and Imaging

	4 Notes
	References


	Part II: Plasmodium falciparum Gene Transcription and Manipulation of Parasite Genomes
	Chapter 13: Analysis of var Gene Transcript Patterns by Quantitative Real-Time PCR
	1 Introduction
	2 Materials
	2.1 RNA Purification Reagents
	2.2 cDNA Synthesis Components
	2.3 Real-Time PCR Components
	2.4 Equipment

	3 Methods
	3.1 RNA Purification from Infected Erythrocytes with on Column DNase Treatment
	3.2 cDNA Synthesis
	3.3 Real-Time PCR
	3.4 Data Analysis

	4 Notes
	References

	Chapter 14: Analysis of var Gene Transcription Pattern Using DBLα Tags
	1 Introduction
	2 Materials
	2.1 White Blood Cell Depletion by Lymphoprep and Gelatin Floatation
	2.2 Preservation of P. falciparum Infected Erythrocytes (IEs) in TRIzol
	2.3 RNA Extraction
	2.4 cDNA Synthesis
	2.5 DBLα Amplification
	2.6 Small PCR Fragment Removal
	2.7 DBLα Cloning
	2.8 DBLα Capillary Sequencing

	3 Methods
	3.1 Sample Preparation
	3.2 Preservation of RNA TRIzol for RNA Extraction
	3.3 RNA Extraction Using Chloroform
	3.4 cDNA Synthesis
	3.5 DBLα Tag Amplification
	3.6 Small Fragment Removal
	3.7 DBLα Tag Sequencing
	3.8 DBLα Sequence Assembly, Classification, and Counting

	4 Notes
	References

	Chapter 15: RNAseq of Infected Erythrocyte Surface Antigen-Encoding Genes
	1 Introduction
	2 Materials
	3 Methods
	3.1 Removal of White Blood Cells
	3.2 Extraction of  RNA
	3.3 DNasing  RNA
	3.4 Depletion of Globin mRNA from Field Sample  RNAs
	3.5 Oligo dT Purification of Poly-A mRNA and cDNA Synthesis for RNAseq Library
	3.6 Purification of Double-Stranded  cDNA
	3.7 Perform End Repair/dA-Tail of cDNA Library and Adaptor Ligation as per manufacturer´s Instructions
	3.8 cDNA Second Strand Digestion and PCR Library Enrichment (See Note 17)
	3.9 Purify the PCR Reaction Using AMPure XP Beads
	3.10 Library Quality Control
	3.11 Sequencing

	4 Notes
	References

	Chapter 16: Resetting var Gene Transcription in Plasmodium falciparum
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Transfection
	2.3 RNA Isolation and cDNA Synthesis
	2.4 Quantitative Real-Time PCR for var Gene Detection

	3 Methods
	3.1 Parasite Culture and Transfections
	3.2 Promoter Titration and Starting var Gene Switching
	3.3 RNA Isolation and cDNA Synthesis
	3.4 Quantitative RT-PCR
	3.5 Concluding Remarks

	4 Notes
	References

	Chapter 17: CRISPR/Cas9 Editing of the Plasmodium falciparum Genome
	1 Introduction
	2 Materials
	2.1 Parasites Cultures
	2.2 Plasmid Construction
	2.3 Parasite Transfection

	3 Methods
	3.1 Description of coCas9-gRNA Vector
	3.2 Design of Guide RNAs
	3.3 Cloning of Guide RNAs
	3.4 Design of Donor Templates
	3.5 Design of Donor Templates for Editing Point Mutations
	3.6 Cloning of Donor Templates for Editing Point Mutations
	3.7 Design of Donor Templates for Knockout
	3.8 Cloning of Donor Templates for Knockout
	3.9 Design of Donor Templates for Tagging
	3.10 Cloning of Donor Templates for Tagging
	3.11 Parasite Transfection and Selection
	3.12 Genotyping

	4 Notes
	References

	Chapter 18: CRISPR-Cas9 Editing of the Plasmodium falciparum Genome: Special Applications
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Transfection
	2.3 Cloning of Genetically Modified Parasite Lines by Limiting Dilution
	2.4 Genomic DNA Extraction
	2.5 Quantitative Realtime PCR for var Gene Detection

	3 Methods
	3.1 Parasite Culture and Transfection
	3.2 Initial Detection of CRISPR-Cas9 Genome Modifications in Bulk Cultures
	3.3 Cloning of Genetically Modified Parasite Lines by Limiting Dilution
	3.4 Analysis of CRISPR-Cas9 Targeted DNA Double Strand Breaks in Subtelomeric Domains
	3.5 Detection of Telomere Truncation Events by Assessing var Gene  Loss
	3.6 Mapping of Telomere Healing Events
	3.7 Assessment of Changes to the Entire var Gene Family Using Long-Read Whole Sequencing
	3.8 Concluding Remarks

	4 Notes
	References


	Part III: Plasmodium falciparum-Infected Erythrocyte Surface Antigens
	Chapter 19: Extraction and Immunoprecipitation of VAR2CSA, the PfEMP1 Associated with Placental Malaria
	1 Introduction
	2 Materials
	2.1 Culturing of Parasites
	2.2 Harvesting Mature Stages of P. falciparum
	2.3 Preparation of IE Lysates and VAR2CSA Immunoprecipitation
	2.4 Gel Electrophoresis and Immunodetection

	3 Methods
	3.1 Culturing Parasites
	3.2 Enrichment of IEs Expressing Knobs by Plasmion Method
	3.3 Harvesting of Mature Stages
	3.3.1 Magnetic Isolation Method
	3.3.2 Mature Stages Isolation by Percoll Procedure

	3.4 Phosphatases and Proteases Cocktail Inhibitors Treatment of Isolated Mature IEs
	3.5 Preparation of IEs Lysates and Extraction of VAR2CSA Protein
	3.6 Magnetic Beads Preparation
	3.7 Antibody Binding
	3.8 Immunoprecipitation of VAR2CSA Protein
	3.9 SDS-PAGE Gel Electrophoresis and Immunodetection

	4 Notes
	References

	Chapter 20: Expression of Single-Domain Soluble and Disulfide-Folded PfEMP1 Antigens in the Escherichia coli SHuffle Expressio...
	1 Introduction
	2 Materials
	2.1 Competent Cells and Plasmid
	2.2 Reagents, Solutions and Media
	2.3 Materials
	2.4 Equipment

	3 Methods
	3.1 Transformation of SHuffle T7 E. coli
	3.2 Bacterial Inoculum Preparation
	3.3 Expression Culture Preparation and Protein Expression Induction
	3.4 Bacteria Harvesting and Pellet Processing
	3.5 Immobilized Metal Ion Affinity Chromatography (IMAC)

	4 Notes
	References

	Chapter 21: Expression of Large Full-Length PfEMP1 Proteins in HEK293 Cells
	1 Introduction
	2 Materials
	2.1 Cloning and Plasmid Production
	2.2 Protein Expression in Expi293
	2.3 SDS-Polyacrylamide Gel
	2.4 Western Blot Analysis
	2.5 Protein Purification

	3 Methods
	3.1 Design and Order Synthetic Gene and Primer Design
	3.2 Subclone into the Expression Vector pHLSEC
	3.3 Prepare Digestion Reaction of the Empty Vector and the PCR Product
	3.4 Gel Extraction of the Digested PCR Product and Vector
	3.5 Ligation of DNA into Expression Plasmid
	3.6 Screening Minipreps for Insert
	3.7 Large Scale Endotoxin-Free Plasmid Preparation
	3.8 Thawing and Culturing Expi293 Cells
	3.9 Transfecting Expi293 Cells
	3.10 Western Blot to Verify Transfection
	3.11 Protein Purification

	4 Notes
	References

	Chapter 22: Receptor Affinity-Based Purification of PfEMP1 Proteins
	1 Introduction
	2 Materials
	2.1 Receptor Coupling
	2.2 Affinity Purification
	2.3 Buffer Exchange Using Dialysis Tubing
	2.4 Buffer Exchange Using Vivaspin
	2.5 Test of Affinity-Purified Protein

	3 Methods
	3.1 Coupling of Column with Receptor Protein
	3.2 Affinity Purification
	3.3 Buffer Exchange of Affinity-Purified PfEMP1 Protein Using Dialysis Tubes
	3.4 Buffer Exchange and Increasing the Protein Concentration Using Vivaspin Columns
	3.5 Test of Affinity-Purified Protein

	4 Notes
	References

	Chapter 23: Analysis of Antibody Reactivity to Malaria Antigens by Microsphere-Based Multiplex Immunoassay
	1 Introduction
	2 Materials
	2.1 Microsphere Coupling
	2.2 Multiplex Antibody Assay

	3 Methods
	3.1 Microsphere Coupling (See Note 4)
	3.2 Multiplex Antibody Assay (See Note 14)
	3.3 Data Cleaning and Quality Control

	4 Notes
	References

	Chapter 24: High-Throughput BioPlex Assay for the Study of Functionally Active Plasmodium Falciparum Antigens That Are Express...
	1 Introduction
	2 Materials
	2.1 Expression of Functional Recombinant PfEMP1 Protein Constructs in Mammalian Cells and Their Single-Step Purification/Immob...
	2.2 Screening for Receptors OR Serum/Plasma Ig That Bind to Specific PfEMP1 Domains
	2.3 Screening for Small Molecules or Antibodies That Can Inhibit Binding of Receptors to Specific PfEMP1 Proteins

	3 Methods
	3.1 COS-7 Cells Transfection and Expression of Recombinant PfEMP1 Single- and Multidomain Proteins
	3.2 Coupling Anti-GFP Antibody to BioPlex Beads
	3.3 Single-Step Purification/Immobilization of PfEMP1 Constructs on Anti-GFP Coupled BioPlex Beads
	3.4 Screening for Receptors or Antibodies That Bind to PfEMP1
	3.5 Screening for Small Molecules or Antibodies That Inhibit Binding of Receptors to Specific PfEMP1 Proteins

	4 Notes
	References

	Chapter 25: Protein Microarrays as a Tool to Analyze Antibody Responses to Variant Surface Antigens Expressed on the Surface o...
	1 Introduction
	2 Materials
	3 Methods
	3.1 Assay Procedure Preparation
	3.2 Preparation, Staining and Processing of Slides
	3.3 Protein Microarray Scanning Protocol (for NimbleGen Scanner Only)
	3.4 Protein Microarray Scanning Protocol (for TinyArray Imager Only)
	3.5 AutoAnalyze Python Script: Quantification and Analysis for TinyArray Imager
	3.6 Microsoft Excel: Macro

	4 Notes
	References

	Chapter 26: Protocol for Differential Biopanning of P. falciparum Phage Display cDNA Library to Identify Parasite Targets of P...
	1 Introduction
	2 Materials
	2.1 Plasma Samples and Phage Library
	2.2 Whole Proteome Differential Screening (WPDS)
	2.3 Amplification of Isolated Phage Plaque

	3 Methods
	3.1 Pooling of Plasma
	3.2 Amplification of P. falciparum Blood-Stage cDNA T7 Phage Library
	3.3 Determine Phage Titer Using Plaque Assay
	3.4 WPDS-Positive Selection
	3.5 WPDS-Negative Selection
	3.6 Isolation of Individual Clones and Preparation of DNA Template for Sequencing
	3.7 Amplification of the Cloned DNA

	4 Notes
	References


	Part IV: Antibodies to Plasmodium falciparum-Infected Erythrocyte Surface Antigens
	Chapter 27: Affinity Purification of PfEMP1-Specific Antibodies from Human Blood
	1 Introduction
	2 Materials
	2.1 Preparation of Blood Samples
	2.2 Screening of Plasma Samples for PfEMP1-Specific IgG Antibodies
	2.3 Receptor Coupling
	2.4 Affinity Purification
	2.5 Buffer Exchange Using Dialysis Tubing
	2.6 Buffer Exchange Using Vivaspin
	2.7 Test of Affinity Purified Antibodies (ELISA)

	3 Methods
	3.1 Preparation of Blood Samples
	3.2 Screen Plasma Samples for PfEMP1 Specific Antibodies
	3.3 Coupling of Columns with PfEMP1 Protein
	3.4 Affinity Purification
	3.5 Buffer Exchange of Affinity-Purified Antibodies Using Dialysis Tubing
	3.6 Buffer Exchange and Concentration of PfEMP1 Specific Antibodies Using Vivaspin Columns
	3.7 Test PfEMP1-Specific Antibodies

	4 Notes
	References

	Chapter 28: Production of anti-PfEMP1 Polyclonal Antisera in Rats and Mice
	1 Introduction
	2 Materials
	2.1 Immunization
	2.2 Bleeding
	2.3 Testing Polyclonal Antisera by Enzyme-Linked Immunosorbent Assay (ELISA)

	3 Methods
	3.1 Antigen Preparation
	3.2 Immunization
	3.3 Bleeding
	3.4 Tail Bleeding Between Immunizations
	3.5 Heart Puncture and Terminal Bleeding
	3.6 Processing and Storage
	3.7 Testing Antisera by Enzyme-Linked Immunosorbent Assay (ELISA)

	4 Notes
	References

	Chapter 29: Production of PfEMP1-Specific Mouse Monoclonal Antibodies
	1 Introduction
	2 Materials
	2.1 Mouse Immunization, Prime Bleed and Euthanasia
	2.2 Culturing Myeloma and Hybridoma Cells
	2.3 Fusion Reagents
	2.4 Storage of Hybridomas
	2.5 Screening of Hybridoma Clones
	2.6 Cell-Sorting Positive Clones
	2.7 Purifying Monoclonal Antibody

	3 Methods
	3.1 Immunization of Mice
	3.2 Culturing of Myelomas Cells
	3.3 Euthanasia of Mice
	3.4 Hybridoma Fusion
	3.5 Picking Clones
	3.6 Screening for Specificity by ELISA
	3.7 Single-Cell Sorting of Expanded Cultures
	3.8 Expanding Monoclonal Cultures and Purification of IgG

	4 Notes
	References

	Chapter 30: Production of PfEMP1-Specific Human Monoclonal Antibodies from Naturally Immune Individuals
	1 Introduction
	2 Materials
	3 Methods
	3.1 Preparation of B95-8 Monkey Marmoset EBV-Secreting Cells
	3.2 Collection and Storage of PBMC Samples
	3.3 Selection of PMBC Samples Based on ELISA Reactivity
	3.4 Selection of PBMC Samples Based on Reactivity Toward Native PfEMP1
	3.5 Isolation and Purification of Human B Cells
	3.6 Immortalization of B Cells
	3.7 Screening of B Cell Supernatants for Specificity by ELISA
	3.8 Screening of B Cell Supernatants for Specificity by Flow Cytometry of  IE
	3.9 Limiting Dilution Cloning of Polyclonal Cultures
	3.10 Culturing and Storing Monoclonal Human B Cells

	4 Notes
	References


	Part V: Analysis of Antigens on Plasmodium falciparum-Infected Erythrocytes
	Chapter 31: Visualization of Infected Red Blood Cell Surface Antigens by Fluorescence Microscopy
	1 Introduction
	2 Materials
	2.1 Samples
	2.2 Buffers and Solutions
	2.3 Antisera and Antibodies
	2.4 Disposable Materials
	2.5 Instruments
	2.6 Software for Data Analysis and Image Presentation

	3 Method
	4 Notes
	References

	Chapter 32: Analysis by Flow Cytometry of α2-Macroglobulin and Nonimmune IgM-Binding to Plasmodium falciparum-Infected Erythro...
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Flow Cytometry

	3 Methods
	3.1 Parasites
	3.2 Magnetic Purification of Late-Stage  IEs
	3.3 Labeling IEs with Serum Proteins
	3.4 Detection of IgM and α2M Binding by Flow Cytometry
	3.5 Data Analysis

	4 Notes
	References

	Chapter 33: An Improved Method for Assessing Antigen Presentation on the Surface of Plasmodium falciparum-Infected Erythrocyte...
	1 Introduction
	2 Materials
	2.1 P. falciparum-Infected Erythrocytes
	2.2 Reagents and Solutions

	3 Methods
	3.1 Immunolabeling of Surface Markers on Knobs
	3.1.1 Sample Preparation
	3.1.2 Data Analysis and Spatial Distribution of Marker Protein

	3.2 Immunolabeling at the Cytoplasmic Side of the Plasma Membrane
	3.2.1 Hypotonic Cell Lysis on EM Grid
	3.2.2 Detergent-Induced Cell Lysis on EM Grid
	3.2.3 Immunolabeling with Specific Antibodies


	4 Notes
	References

	Chapter 34: Assessing Antigen Presentation on the Surface of Plasmodium falciparum-Infected Erythrocytes by Photoactivated Loc...
	1 Introduction
	2 Materials
	2.1 Magnet Purification of Infected Erythrocytes
	2.2 Sample Preparation
	2.3 Microscopic Setup

	3 Methods
	3.1 Magnet Purification of P. falciparum-Infected Erythrocytes
	3.2 Sample Preparation
	3.3 PALM Imaging
	3.4 PALM Image Reconstruction
	3.5 Molecular Quantification from PALM Images

	4 Notes
	References

	Chapter 35: Surface Plasmon Resonance Analysis of PfEMP1 Interaction with Receptors
	1 Introduction
	2 Materials
	2.1 Protein Quality Control by CD Spectroscopy
	2.2 Generation of Protein A and Protein A/G Sensor Chips
	2.3 Protein A or A/G-Based SPR Assay
	2.4 Biotinylating BAP-Tagged Proteins
	2.5 Biotinylation-Based SPR Assay
	2.6 SPR-Based Binding Competition Assays

	3 Methods
	3.1 Protein Quality Control by CD Spectroscopy
	3.2 Generation of Protein A and Protein A/G Sensor Chips
	3.3 Protein A or A/G-Based SPR Assay for Measuring PfEMP1-Antibody or PfEMP1-Receptor Interactions
	3.4 Biotinylating BAP-Tagged Proteins for Immobilization on CAP Sensor Chips
	3.5 Biotin-Based SPR Assay for Measuring PfEMP1-Receptor Interactions
	3.6 SPR-Based Competition Assays

	4 Notes
	References


	Part VI: Analysis of P. falciparum-Infected Erythrocyte Adhesion
	Chapter 36: Analysis of Antibody Inhibition of PfEMP1 Binding by Competition ELISA
	1 Introduction
	2 Materials
	2.1 Titration of the PfEMP1 Domain on Its Cognate Receptor
	2.2 Competition ELISA

	3 Methods
	3.1 Titration of PfEMP1 Domain on Receptor
	3.2 Competition ELISA

	4 Notes
	References

	Chapter 37: Measuring Rosetting Inhibition in Plasmodium falciparum Parasites Using a Flow Cytometry-Based Assay
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Materials
	2.3 Reagents
	2.4 Equipment and Software

	3 Methods
	3.1 Parasite Preparation
	3.2 Parasite Double Staining with Hoechst and  DHE
	3.3 Preparation of Rosette-Inhibitory Compounds and Addition of Parasite Suspension
	3.4 Flow Cytometry Acquisition and Analysis

	4 Notes
	References

	Chapter 38: Bridging and Clumping: Investigating Platelet Interactions with P. falciparum-Infected Red Blood Cells and Endothe...
	1 Introduction
	2 Materials
	2.1 Clumping of Plasmodium falciparum-Infected Red Blood Cells
	2.2 Platelet-Mediated Bridging

	3 Methods
	3.1 Clumping of P. falciparum-Infected Red Blood Cells
	3.2 Platelet-Mediated Bridging of P. falciparum-Infected Red Blood Cells

	4 Notes
	References

	Chapter 39: Assay of Static Adhesion of Plasmodium falciparum-Infected Erythrocytes to Cells, Including Inhibition of the Adhe...
	1 Introduction
	2 Materials
	2.1 Parasite Culture
	2.2 Gelatin Purification
	2.3 Cell Culture
	2.4 Binding Assay

	3 Methods
	3.1 Parasite Culture
	3.2 Cell Culture
	3.3 Seeding of Cells for Binding Assay
	3.4 Gelatin Purification
	3.5 Static Binding of IEs to Cells Including Binding Inhibition (Day of Assay)
	3.5.1 For Binding Inhibition Assay to Test a Compound Against the Parasite Ligand
	3.5.2 For Binding Inhibition Assay to Test a Compound Against the Cell Receptor

	3.6 Washing of Unbound  IEs
	3.7 Staining and Quantification of Binding

	4 Notes
	References

	Chapter 40: Static Adhesion of Plasmodium falciparum-Infected Erythrocytes to Purified and Recombinant Receptors
	1 Introduction
	2 Materials
	2.1 Binding Assays
	2.2 Inhibition Assays

	3 Methods
	3.1 Binding of IEs to Protein Receptors
	3.2 Inhibition of IE Binding to Protein Receptors
	3.2.1 Inhibitors or Antibodies that Bind the Receptor
	3.2.2 Inhibitors or Antibodies that Bind PfEMP1

	3.3 Reversal of IE Binding to Protein Receptors

	4 Notes
	References

	Chapter 41: Selecting Plasmodium falciparum-Infected Erythrocytes for Adhesion to Recombinant Receptors Under Flow Conditions
	1 Introduction
	2 Materials
	3 Methods
	3.1 Coating Microslides Using Recombinant Human ICAM-1 (rhICAM-1)
	3.2 Connecting the Microslide to the Flow Equipment
	3.3 Adhesion to Microvascular Endothelial Cells Under  Flow

	4 Notes
	References

	Chapter 42: Chip-Based Assay of Adhesion of Plasmodium falciparum-Infected Erythrocytes to Cells Under Flow
	1 Introduction
	2 Materials
	2.1 P. falciparum-Infected Erythrocytes
	2.2 Human Cell Lines
	2.3 Adhesion Assay Under Flow Conditions

	3 Methods
	3.1 Maintenance of Cell Lines
	3.2 Coating Microslides
	3.3 Connecting the Microslide to the Flow Equipment
	3.4 Adhesion of P. falciparum-IEs to Microvascular Endothelial Cells Under Flow Conditions
	3.5 Assessing Ability of Antibodies to Inhibit Binding of IE to Known Receptors
	3.6 Assessing the Ability of Anti-PfEMP1 Antibodies to Inhibit Endothelial Binding of  IEs

	4 Notes
	References

	Chapter 43: Binding of Plasmodium falciparum-Infected Red Blood Cells to Engineered 3D Microvessels
	1 Introduction
	2 Materials
	2.1 Materials for Device Fabrication
	2.2 Collagen Stock Preparation
	2.3 Microvessel Device Fabrication
	2.4 iRBC Purification and Staining
	2.5 P. falciparum-iRBC Binding to 3D Microvessels and Parasite Quantification

	3 Methods
	3.1 Design of PDMS Stamps and PMMA Housing Jigs
	3.2 Collagen Stock Preparation
	3.3 Microvessel Device Fabrication
	3.3.1 PMMA Jig Treatment with Polyethyleneimine and Glutaraldehyde
	3.3.2 Collagen Hydrogel Preparation
	3.3.3 Collagen Injection Molding
	3.3.4 Device Assembly
	3.3.5 Endothelial Cell Culture
	3.3.6 Endothelial Cell Seeding
	3.3.7 Microvessels Device Culture and Feeding
	3.3.8 Collagen Photoablation for Capillary Formation

	3.4 P. falciparum-iRBC Purification
	3.5 P. falciparum-iRBC Staining
	3.6 Inhibition of P. falciparum-iRBC Binding to 3D Microvessels
	3.7 P. falciparum-iRBC Binding to 3D Microvessels
	3.8 Quantification of P. falciparum-iRBC Binding to 3D Microvessels
	3.8.1 Quantification of Binding in 100 μm Diameter Vessels with DAPI
	3.8.2 Quantification of Binding of Stained P. falciparum-iRBC in Capillary Size Vessel


	4 Notes
	References

	Chapter 44: 3D Organoid Assay of the Impact of Infected Erythrocyte Adhesion on the Blood-Brain Barrier
	1 Introduction
	2 Materials
	2.1 P. falciparum-Infected Erythrocytes
	2.2 Human Cell Lines
	2.3 Organoid Assembly
	2.4 Organoid Adhesion Assay
	2.5 Assessing Blood-Brain Barrier Dysfunction Using Organoids

	3 Methods
	3.1 Maintenance of Cell Lines
	3.2 Preparing Agarose Plate
	3.3 Preparing Cells
	3.4 Assembling Organoids
	3.5 Parasite Adhesion Assay
	3.6 Assessing Blood-Brain Barrier Dysfunction Using Organoids
	3.7 Analysis of Z-Stack Images

	4 Notes
	References

	Chapter 45: Receptor-Functionalized Lipid Membranes as Biomimetic Surfaces for Adhesion of Plasmodium falciparum-Infected Eryt...
	1 Introduction
	2 Materials
	2.1 Functionalization of Supported Membranes
	2.2 Parasites
	2.3 Quantifying Cytoadhesion Strength

	3 Methods
	3.1 Cleaning of Substrates
	3.2 Supported Membrane Preparation
	3.3 Functionalization with Receptors
	3.4 Cell Adhesion Assay Under Static Condition
	3.5 Quantification of Cell Adhesion Strength: Wash-Off
	3.6 Quantification of Cell Adhesion Strength: Microinterferometry
	3.7 Quantification of Cell Adhesion Strength: Pulling by Atomic Force Microscopy
	3.8 Quantification of Cell Adhesion Strength: Detachment Using a Laser Pulse-Induced Pressure  Wave
	3.9 Cell Adhesion Assay in  Flow

	4 Notes
	References


	Part VII: Immune Effector Responses to P. falciparum-Infected Erythrocytes
	Chapter 46: Antibody-Dependent THP-1 Cell-Mediated Phagocytosis of Plasmodium falciparum-Infected Erythrocytes
	1 Introduction
	2 Materials
	2.1 Reagents
	2.1.1 THP-1 Cell Culture Components
	2.1.2 Parasite Culture Components
	2.1.3 Phagocytosis Assay Components (Reagents, Samples, and Controls)

	2.2 Plastic  Ware
	2.3 Instruments

	3 Methods
	3.1 Parasite Synchronization and Selection for Knob Expression
	3.2 Percoll Purification and Dihydroethidium Staining of Parasites
	3.3 THP-1 Cell Preparation
	3.4 Preparing an Opsonization Plate
	3.5 Opsonization
	3.6 Phagocytosis
	3.7 Flow Cytometric Data Acquisition
	3.8 Gating Strategy and Flow Cytometric Data Analysis

	4 Notes
	References

	Chapter 47: Assaying Interactions Between Neutrophils and Plasmodium falciparum-Infected Red Blood Cells
	1 Introduction
	2 Materials
	3 Methods
	3.1 Neutrophil Purification from Human Whole Blood
	3.2 Isolating Ring-Stage iRBC Using Streptolysin  O
	3.3 Short-Term Cytotoxicity Assay
	3.4 Long-Term Killing Assay
	3.5 iRBC Phagocytosis Assay
	3.6 Concluding Remarks

	4 Notes
	References

	Chapter 48: Natural Killer Cell Antibody-Dependent Cellular Cytotoxicity (ADCC) Activity Against Plasmodium falciparum-Infecte...
	1 Introduction
	2 Materials
	2.1 Preparation and Culture of P. falciparum-Infected Red Blood Cells (iRBCs)
	2.1.1 Isolation, Freezing, and Thawing of iRBCs
	2.1.2 Culture and Maintenance of iRBCs
	2.1.3 Synchronization of iRBCs
	2.1.4 Zeptogel and Percoll Purification of iRBCs
	2.1.5 Measuring Parasitemia Via Flow Cytometry

	2.2 Preparation and Culture of PMBCS
	2.3 Counting and Incubation of PBMCS and iRBCs
	2.4 Antibody Staining of Cells and Flow Cytometry Analysis

	3 Methods
	3.1 Preparation and Culture of P. falciparum-iRBCs
	3.1.1 Thawing of Cells
	3.1.2 Culture of iRBCs
	3.1.3 Synchronization of iRBCs
	3.1.4 Zeptogel Purification of iRBCs
	3.1.5 Percoll Purification of iRBCs
	3.1.6 Flow Cytometry Stain of iRBCs

	3.2 Preparation of Peripheral Blood Mononuclear Cells (PBMCs)
	3.2.1 Isolation and Freezing of PBMCs

	3.3 Counting and Plating Cells
	3.3.1 Filtering of PBMCs
	3.3.2 Counting and Plating PBMCS
	3.3.3 Plating iRBCs and PBMCs

	3.4 Staining with Monoclonal Antibodies and Flow Cytometry Analysis of Samples
	3.4.1 Surface Staining with Monoclonal Antibodies
	3.4.2 Intracellular Staining with Monoclonal Antibodies


	4 Notes
	References

	Chapter 49: Assessing PfGARP-Mediated Apoptosis of Blood-Stage Plasmodium falciparum Parasites
	1 Introduction
	2 Materials
	2.1 Crisis Form Morphology
	2.2 Loss of Mitochondrial Membrane Potential
	2.3 Loss of Food Vacuole Integrity-Dye Labeling
	2.4 Loss of Food Vacuole Integrity-Morphology
	2.5 Activation of Caspase-like Proteases
	2.6 Fragmentation of Chromosomal DNA

	3 Methods
	3.1 Assessment of Crisis Form Morphology
	3.2 Assay to Detect Mitochondrial Depolarization Using MitoProbe JC1 Assay Kit
	3.3 Assay to Detect Loss of Integrity of Food Vacuole-Dye Labeling
	3.4 Loss of Integrity of Food Vacuole-Morphology
	3.5 Assay to Detect Activation of Caspase-like Proteases
	3.6 Assay to Detect Fragmentation of Chromosomal DNA (TUNEL Assay)

	4 Notes
	References

	Chapter 50: Enzyme-Linked Immunosorbent Assay for Activation of the Classical Complement Pathway by Plasmodium falciparum-Infe...
	1 Introduction
	2 Materials
	2.1 Coating and Blocking
	2.2 Antibody Binding and Complement Activation
	2.3 Complement Detection, and ELISA Development and Termination

	3 Methods
	4 Notes
	References


	Part VIII: Ex Vivo and In Vivo Responses to P. falciparum Infection
	Chapter 51: Flow Cytometry Assay of Plasmodium Falciparum-Specific B-Cell Proportions
	1 Introduction
	2 Materials
	3 Methods
	3.1 P. falciparum-Infected Red Blood Cells
	3.2 Enrichment of the Infected Red Blood Cells
	3.3 Ghost P. falciparum-Infected Red Blood Cells
	3.4 Conjugation of the Ghost Infected Red Blood Cells with the Quantum Dots (Qdots)
	3.5 Immunophenotyping of P. falciparum-Specific B-Cells

	4 Notes
	References

	Chapter 52: Assessment of Plasmodium falciparum Antigen-Specific B Cells
	1 Introduction
	1.1 B Cell Probe Generation
	1.2 B Cell Probe Flow Cytometry

	2 Materials
	2.1 BirA-Mediated Biotinylation of Avi-Tagged Recombinant Proteins
	2.2 Random Biotinylation Using NHS-Ester Activated Biotinylation Reagent
	2.3 Dual Labeling Approach
	2.4 Decoy Probe Approach and Enrichment of B Cell Probe-Binding Cells
	2.5 Other Supplies and Equipment

	3 Methods
	3.1 Biotinylation of Target Protein
	3.1.1 BirA-Mediated Biotinylation of Avi-Tagged Recombinant Proteins
	3.1.2 Random Biotinylation Using NHS-Ester Activated Biotinylation Reagent
	3.1.3 Assessing the Amount of Biotinylated Protein

	3.2 Using B Cell Probes with the Dual Labeling Approach
	3.2.1 Tetramerizing the B Cell Probe
	3.2.2 PBMC Thawing
	3.2.3 B Cell Enrichment
	3.2.4 Viability, B Cell Probe, and Antibody Staining

	3.3 Enrichment of Probe-Binding Cells with the Decoy Probe Approach
	3.3.1 Generating Decoy B Cell Probes
	3.3.2 Enrichment of B Cell Probe-Binding Cells
	3.3.3 Staining for Flow Cytometry


	4 Notes
	References

	Chapter 53: Whole Blood Dendritic Cell Cytokine Production Assay
	1 Introduction
	2 Materials
	2.1 Reagents
	2.2 Stimulants
	2.3 Antibodies for Flow Cytometry

	3 Methods
	3.1 Preparation of P. falciparum-Infected Red Blood Cell Antigen
	3.2 Preparation of TLR Ligands
	3.3 Flow Cytometry Setup
	3.4 Intracellular Cytokine Assay

	4 Notes
	References

	Chapter 54: Measuring the Impact of Malaria on the Living Human Retina
	1 Introduction
	1.1 Why Study the Retina in Severe Malaria?
	1.2 Ophthalmoscopy
	1.2.1 Learning to Use the Binocular Indirect Ophthalmoscope (BIO)

	1.3 Photography and Angiography
	1.4 Grading
	1.5 Examining and Photographing the Retina of a Critically Ill Patient

	2 Materials
	2.1 Preparing the Patient
	2.2 Preparing the  Eye
	2.3 Binocular Indirect Ophthalmoscopy
	2.4 Retinal Photography
	2.5 Image Grading

	3 Methods
	3.1 Preparing the Patient
	3.2 Indirect Ophthalmoscopy
	3.3 Retinal Photography-Color Images and Fluorescein Angiography
	3.4 Image Grading

	4 Notes
	References

	Chapter 55: Ocular Pathology of Cerebral Malaria
	1 Introduction
	2 Materials
	3 Methods
	3.1 Fixation, Gross Examination and Dissection of Eye Specimens
	3.2 Routine Processing and Histopathology of Eye Specimens
	3.3 Retinal Flatmounts

	4 Notes
	References

	Chapter 56: Investigating Interactions Between Endothelial Cells and Parasitized Red Blood Cells in Skin and Subcutaneous Tiss...
	1 Introduction
	2 Materials
	2.1 Subcutaneous Biopsies
	2.2 Punch Biopsies
	2.3 Smears
	2.4 Immunofluorescence Staining of Subcutaneous Smears
	2.5 Immunofluorescence Staining of Formalin Fixed Tissue
	2.6 Isolation of Endothelial Cells for Culture
	2.7 Isolation of Endothelial Cells for Immunophenotyping

	3 Methods
	3.1 Subcutaneous Biopsies
	3.2 Punch Biopsy and Snap Freezing of Punch Biopsies
	3.3 Smears
	3.4 Immunofluorescence Staining of Smears (Fig. 2)
	3.5 Immunofluorescence Staining of Formalin Fixed Paraffin Embedded Tissue (Adapted from)
	3.6 Endothelial Culture
	3.7 Isolation of Cells for Immunophenotyping

	4 Notes
	References


	Chapter 57: Histological Identification of Sequestered Parasitized Red Cells
	1 Introduction
	1.1 Why Study Tissues in Cerebral Malaria? A Historical Perspective
	1.2 Pre-mortem Tissue Examination for Malaria Parasites
	1.3 Post-mortem Tissue Examination for Malaria Parasites
	1.3.1 Cytology
	1.3.2 Histology
	1.3.3 Special Tissue Stains for Malaria and Malarial Biology
	1.3.4 Other


	2 Materials
	2.1 Pre-mortem Histology
	2.2 Cytology
	2.3 Post-mortem Histology
	2.4 Immunohistochemistry
	2.5 Molecular Studies

	3 Methods
	3.1 Pre-mortem Tissue Examination for Malaria Parasites
	3.1.1 Adipose Tissue Aspiration and Biopsy (See Chapter 56)
	3.1.2 Gastrointestinal Tract Biopsy
	3.1.3 Bone Marrow Aspiration and Biopsy
	3.1.4 Post-splenectomy Examination

	3.2 Post-mortem Tissue Examination for Malaria Parasites (See Note 1)
	3.2.1 Cytology
	3.2.2 Histology of Hematoxylin and Eosin-Stained Sections
	3.2.3 Special Tissue Stains for Malaria and Malarial Biology
	3.2.4 Other


	4 Notes
	References

	Index

