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Abstract
Malaria is the most predominant parasitic infection and continues to have a
significant global impact on the health and well-being of hundreds of millions of people
annually [1]. Plasmodium falciparum Glutamic acid-rich protein(Pf-GARP) is a parasitederived protein secreted during the blood stage of malaria. From the studies with field
isolates, it appears that Pf-GARP is very immunogenic, and it is abundant in children
from endemic areas [2, 3]. A key tool for the control, elimination, or even possible
eradication of malaria, in addition to antimalarial drugs and vector control, is an effective
vaccine [4]. My research focuses on the immunological characterization of Pf-GARP.
These studies include the characterization of a new monoclonal antibody for Pf-GARP,
mapping of the epitope of Pf-GARP by utilizing synthetic peptides, and initial
localization of Pf-GARP using the GM7 monoclonal antibody (mAb) by
immunofluorescence microscopy. Finally, to validate the proof of concept of its clinical
significance, we developed an Enzyme-Linked Immunosorbent Assay (ELISA) to detect
antibodies against Pf-GARP in the human malaria plasma. Our screens utilized
recombinant His-Pf-GARP protein as well as defined synthetic peptides of Pf-GARP to
detect and quantify antibodies in human plasma from malaria-endemic areas in Africa. In
summary, we have characterized a new mAb, termed GM7, that is specific for Pf-GARP
protein and determined a peptide (M1P6) that is the target of the binding of antibody
(Ab) against the Pf-GARP protein. These findings are likely to have implications for
screening malaria patients that are seropositive for Pf-GARP, and its functional
significance in the pathogenesis of cerebral and pregnancy-associated malaria.
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Chapter 1: Introduction
1.1 Plasmodium falciparum:
Malaria is caused by the single celled parasite Plasmodium and the lifecycle
involves two animal hosts. Plasmodium is transmitted by the female Anopheles mosquito
(vector), which transmits the parasite into human host [5]. Approximately 3.2 billion
people remain at risk of malaria, and it is endemic over 106 countries [1]. Among the
human malaria parasites, Plasmodium falciparum causes the most frequent infection in
young African children who have not yet developed natural immunity, and is a major
concern for non-immune travelers in malaria-endemic areas [2]. Moreover, children
under the age of five, pregnant women, and people with HIV/AIDS are also most at risk
for severe illness and death [6]. Malaria is the most predominant parasitic infection and
continues to have a significant global impact on the health and well-being of hundreds of
millions of people annually [1].
Five Plasmodium species are known to cause disease in humans including
Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, Plasmodium malariae,
and Plasmodium knowlesi [7]. Plasmodium falciparum and P. vivax are the most
prevalent, and represent a significant global health threat however, P. falciparum is the
most dangerous causing the highest mortality worldwide [6]. Plasmodium falciparum
causes the highest mortality rates worldwide, but P. vivax has a wider geographical
distribution due to its ability to infect Anopheles mosquitoes at lower temperatures. P.
vivax remains undetectable in the blood and can stay dormant in the liver for days to
years [6].
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The Plasmodium life cycle includes the pre-erythrocyte stage, erythrocyte stage,
and the sexual stage. The pre-erythrocyte stage or the liver stage is when a mosquito
infected with Plasmodium bites a human host, the parasite migrates to the liver as a
sporozoite. In the liver, sporozoites undergo multiple rounds of asexual reproduction to
produce merozoites. One sporozoite can asexually reproduce to form up to 40,000
merozoites, which exit hepatocytes to invade erythrocytes or red blood cells [5]. The
large parasite load often poses a serious challenge to the immune system to control and
eliminate infection.
The erythrocyte stage, also known as the blood stage, begins when the parasite
enters the red blood cells. A merozoite infects an erythrocyte and begins asexual
reproduction thus releasing hundreds of new merozoites for reinvasion. This is the stage
that causes all the disease symptoms. The periodic fever and chills originate from the
bursting of infected RBCs [5].
Finally, the sexual stage begins when the mosquito takes a blood meal and ingests
sexual stages of malaria parasites from the human host. Some of the merozoites in RBCs
asexually differentiate into sexual forms known as male and female gametocytes. The
gametocytes then sexually reproduce in the mosquito gut, developing into gametes, and
finally fusing as they move up the mosquito gut wall to become an oocyst. The oocyst
grows, divides, and eventually bursts and produces thousands of haploid sporozoites,
which will travel to the mosquito’s salivary glands to be injected into the next host during
the mosquito’s blood meal [5].
Cerebral malaria is the most severe neurological complication of infection caused
by Plasmodium falciparum [8]. It is a clinical syndrome characterized by coma and
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inflammation often recognized by the presence of asexual immature ring stage of the
parasite in peripheral blood smears [8]. The mortality is high, and surviving patients often
sustain brain injury, which manifests with long-term neuro-cognitive impairment [6]. A
key tool for the control, elimination, or possible eradication of malaria, in addition to
antimalarial drugs and vector control, is the development of an effective vaccine [4]. One
approach to identify essential vaccine antigens is to search for malaria parasite proteins
that are recognized by antibodies in the plasma of chronically exposed individuals who
remain resistant to infection, and are not recognized by antibodies in the plasma of
susceptible individuals [9].
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Figure 1.1 Plasmodium falciparum Life Cycle. Summary of the multiple stages of
Malaria parasite life cycle. The three stages of Plasmodium life cycle are the preerythrocyte stage, erythrocyte stage, and the sexual stage. The pre-erythrocyte
stage, which is also called the liver stage, is before the parasite infects human red
blood cells. The erythrocyte stage, also is known as the blood stage, begins when
the parasite infects red blood cells. The sexual stage begins when the mosquito
ingests the parasite and sexual development takes place in the mosquito gut.
Reprinted with permission from Klein, E.Y., Antimalarial drug resistance: a
review of the biology and strategies to delay emergence and spread. Int J
Antimicrob Agents, 2013. 41(4): p. 311-7.
1.2 Plasmodium falciparum (GARP):
Plasmodium falciparum Glutamic acid-rich protein (Pf-GARP) is parasite-derived
protein secreted during the blood stage of malaria. Glutamic acid-rich protein (GARP)
has a predicted molecular weight of 80kDa [10] . Pf-GARP is a highly charged protein; it
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contains 24% glutamic acid, 21% lysine, and 9% aspartic acid residues [3]. From the
studies with field isolates, it appears that Pf-GARP is very immunogenic, and it is
abundant in children from endemic areas [2, 3].
Parasite protein such as Plasmodium falciparum erythrocyte membrane protein
(PfEMP1) facilitate adherence [11], an antigenically diverse protein family trafficked to
the infected red cell surface [12-14]. An increasing number of proteins exported to the
host erythrocyte in P. falciparum are necessary for export of P. falciparum specific
PfEMP1 to the parasite-infected erythrocyte surface [15]. Using genetic knockdown, the
authors identified exported proteins required for trafficking, display and function of the
cyto-adherence protein PfEMP1, assembly of knobs and rigidification of the infected red
cell, properties that are thought to be important in malaria pathogenesis [16]. Their
screening revealed that disruption of Pf-GARP protein function leads to absent or greatly
decreased knob structures with an abnormal distribution [16]. This finding suggests that
Pf-GARP might play a key role and function of a cyto-adherence like protein.
Pf-GARP is composed of repetitive, low complexity, and intrinsically disordered
sequences [3]. Pf-GARP contains three distinct lysine-rich repeat sequences presumably
with a targeting function [3]. Pf-GARP contains an N-terminal signal sequence for
targeting to the parasite endoplasmic reticulum, enabling the protein to be exported into
the host erythrocyte and the C terminus of the protein contains an acidic stretch. [3].
Beyond the N-terminal signal sequence, Pf-GARP contains very few hydrophobic
residues, suggesting that Pf-GARP doesn’t contain stable folded domains [3].
Pf-GARP is effectively localized to the periphery of the infected erythrocytes [3].
Pf-GARP is highly charged due to the presence of three lysine-rich repeats, and
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intrinsically disordered regions within Pf-GARP are sufficient to fold into targeting
modules that localize to the erythrocyte periphery [3]. P. falciparum can target proteins to
the periphery of the infected erythrocyte suggesting that such proteins perform key
functions at the host-parasite interface [3].
The host erythrocyte undergoes drastic changes during the blood stage of the
parasite life cycle [17-19]. Many proteins including Pf-GARP which is associated with
erythrocyte contain tandem repeats [20, 21]. Some repeating sequences appear to be
under immune selection [22], and many are highly immunogenic [23]; leading to the
proposal that they may allow the parasite to evade host immune system by diverting Bcell responses toward non-protective epitopes [24]. Importantly, Pf-GARP is unique to P.
falciparum, and is not expressed in other Plasmodium species, implying that this protein
may play an important functional role in the severity of human malaria infection. Taking
together, Pf-GARP is secreted during the blood stage of malaria which is essential for the
parasite interaction and survival. Pf-GARP could be targeted for vaccine development.
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Figure 1. 2 Plasmodium falciparum GARP (3D7 Strain). Pf-GARP consists of 673
amino acid with a molecular weight of 80kDa. GARP-Short (GARP-S) is a 46-amino
acid segment with a MW of 5.5kDa, GARP-Medium (GARP-M) is a 75-amino acid
segment with a MW of 9.0kDa, and GARP-Long (GARP-L) is a 197-amino acid with a
MW of 23kDa.
1.3 Plasmodium falciparum GARPM:
Plasmodium falciparum Glutamic acid-rich protein Medium (Pf-GARP-M)
consists of 75 amino acids assembled into five amino acids repeat structure. Pf-GARP-M
consists of two sets of repeats including Pf-GARP-M1 and Pf-GARP-M2. Pf-GARP-M1
and Pf-GARP-M2 were produced as recombinant proteins with a TRX (thioredoxin) tag
of 12.9kDa (Figure 1.3).
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Figure 1. 3 Plasmodium falciparum GARP-M. Pf-GARP-M was expressed as a TRXfusion protein where TRX tag contributes 12.9kDa and Pf-GARP-M consists of 75 amino
acids. Two distinct repeats were grouped as Pf-GARP-M1 (47 amino acids, Orange) and
Pf-GARP-M2 (28 amino acids, Green).
1.4 Study Aim:
The overall aim of my research was to investigate the immunological properties
of Pf-GARP using a newly developed mAb and multiple synthetic peptides derived from
Pf-GARP-M. The experimental focus was to map the epitope of Pf-GARP with synthetic
peptides and localize Pf-GARP using GM7 mAb by immunocytochemistry. Finally, to
validate the proof of concept, we developed an ELISA to screen human malaria plasma to
detect antibodies against Pf-GARP in malaria patients from malaria endemic areas of
Africa.
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Chapter 2: Methods and Materials
2.1 Immunization of mice with GARPM
Six BALB/c female mice (8 – 12 weeks old) were immunized with recombinant
Pf-GARPM protein. For the first immunization, 70µg of recombinant TRX (thioredoxin
tag)-Pf-GARPM protein mixed in Freund’s complete adjuvant was injected into each
mouse by IP (intraperitoneal). Recombinant TRX-Pf-GARPM protein was expressed in
E. coli BL21 (DE3) and purified through Ni-beads affinity purification and Mono Q ion
exchange column chromatography. To avoid excessive immune response against TRX,
His-Pf-GARPM (without TRX tag) recombinant protein was used for the following boost
injections. His-Pf-GARPM was expressed in BL21(DE3) and purified through Ni-beads
and Mono-Q column. Three boost injections were given at three weeks’ interval, with
50µg of His-Pf-GARPM mixed in Freund’s incomplete adjuvant by IP. Test bleeds were
collected 10 days after each boost, and their Ab titers were evaluated by ELISA using
His-Pf-GARPM. Final (4th) boost was given three weeks after the third boost to the best
responding mouse, with His-Pf-GARPM in PBS, 30µg by IV and 30µg by IP. Three days
after the final boost, the mouse was sacrificed, and its splenocytes were used for
hybridoma production. The immunization steps were performed by Dr. Toshihiko
Hanada in the Chishti lab.
2.2 Development of Monoclonal Antibody
This mAb was generated by injecting recombinant Pf-GARPM protein into
BALB/c female mouse #4. One mouse (#4) showing the best immune response was
selected for hybridoma fusion. Hybridoma clone (#7) was selected from 32 positive
hybridoma clones. The hybridoma (#7) clone was further sub-cloned by limiting dilution.
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Hybridoma clone #7 secreted an IgG3 monoclonal termed GM7-1 (for simplicity, we call
it GM7 monoclonal). Final protein concentration was attained at 1.84 mg/ml in the buffer
(0.02 M Potassium Phosphate, pH 7 .2 -7 .4, 0. 15 M Sodium Chloride). Since the Ab is
of IgG3 class, it tends to precipitate in 4oC. Warming up to 37oC in water bath was
necessary before use. The sub-cloning for the generation of GM7 was performed by Dr.
Toshihiko Hanada in the Chishti lab.
2.3 Recombinant protein expression and purification in E. coli
His-Pf-GARPM, GST-Pf-GARPM, and TRX-Pf-GARPM recombinant proteins
were induced and expressed in E coli BL21(DE3). The recombinant proteins were
purified through Ni2+ beads, were used for affinity purification followed by Mono Q ion
exchanged chromatography. The proteins were dialyzed against PBS containing 10%
glycerol and stored in -80°C freezer.
2.4 (Enzyme-Linked Immunosorbent Assay) ELISA
The streptavidin-coated as well as non-coated plates were purchased from Thermo
Scientific. The ELISA plates were coated either with peptide or antigen of interest and
incubated overnight at 4oC. The plate was then washed with 1x PBST (Phosphate buffer
saline Tween 20) twice for five minutes. The plate was then blocked with 3% BSA in a
10 mL PBST and incubated for 30 minutes at room temperature. The plate was then
washed with PBST twice for five minutes. Primary dilution for the human plasma was
(1/400) or 1/1000 for monoclonal antibody GM7. The sample was incubated for 90
minutes at room temperature. The plate was then washed with PBST twice for five
minutes. Our negative controls included Phosphate Buffer Saline (PBS) and human
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Babesia plasma (609598). Secondary dilution for the anti-human Horseradish Peroxidase
(HRP) was 1/10,000 or anti-mouse was (1/5,000). The sample was incubated for 60
minutes at room temperature. The plate was then washed with PBST three times for five
minutes. Sigma Life Science Tetramethylbenzidine (TMB) liquid substrate system for
ELISA was used. After adding the appropriate volume of TMB, the sample was then
incubated for five minutes and the blue color change was observed. 1.0 M of
Hydrochloric acid (HCl) was used as a stopping solution. After adding the appropriate
volume of 1 M HCl, the sample was then incubated for five minutes and the yellow color
change was observed. Optimal Density (OD) was quantified using VERSAmax
Microplate reader.
2.5 SDS-PAGE and Western Blot analysis
After proteins were dialyzed against PBS, proteins were wash with appropriate
lysate buffer, sample was further sonicated in -20o C freezers to break DNA. 1X- 5X
SDS-PAGE loading buffer was added to the sample, sample was then boiled at 95o
temperature, separated on a 10-12% Tris-glycine SDS polyacrylamide gel. Gel containing
proteins were further transfer on to nitrocellulose membrane.
The nitrocellulose membrane was placed in a Phosphate buffer saline Tween 20
(PBST) for 30-minute interval at 4°C on a rotator. For the blocking buffer, 1X PBST in 5
% milk (instant non-fat dry milk) was used. Nitrocellulose membrane was placed in the
blocking buffer and incubated for 30 minutes at 4°C on a rotator. After blocking the
membrane, the supernatant was removed, and followed by incubation in the primary
antibody of appropriate dilution. The nitrocellulose membrane was incubated for 90
minutes or overnight on a rotator. The membrane was washed with PBST in 5% milk five
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times for ten minutes. Proper dilution of secondary anti-mouse was added to the
membrane and incubated for 60 minutes at room temperature on a rotator. The membrane
was washed with PBST five times for ten minutes. Thermo-Scientific super signal West
Oico enhanced chemiluminescent (ECL) liquid substrate system for detection of HRP
was used. After adding the appropriate volume of ECL, the sample was then incubated
for five minutes. The membrane was developed on Fuji medical X-ray film in the dark
room.
2.6 Parasite Culture
Plasmodium falciparum culture was maintained using the standard techniques
[25] with slight modifications. Parasite culture media without human serum was used
with the following composition; 625µL, 2 M HEPES, 50µL Gentamicin, 50µL
Hypoxanthine, 2.5 ml 10% Albumax stock, in a total volume of 50 ml RPMI 1640. The
parasite culture was maintained in 25 cm2 flasks under 5% CO2, 3% O2, 92% N2 at 37C.
Parasite cultures were monitored every other day for growth and development by thin
blood smears stained with Giemsa. Fresh complete medium was added daily, human
blood was washed three times in RPMI 1640 and stored at 4¹C for no longer than two
weeks was added, and cultures were split as necessary to maintain parasitemia below
10% and hematocrit between 3%-6%.
2.7 Immunocytochemistry using GM7 monoclonal antibody
For immunofluorescence analysis, malaria parasite culture cells were placed on a
glass slide and allowed to air dry. Each slide was fixed with ice-cold methanol for 30
minutes. The slide was then rinsed with Phosphate Buffer Saline (PBS) three times for
five minutes. The cells were then blocked with 3% BSA in PBS for 30-60 minutes at
12

room temperature (RT). The slide was then rinsed with Phosphate buffer saline Tween 20
(PBST) three times for five minutes. The slide was then incubated with a 1:2000 dilution
of our mAb in PBS for 60 minutes at RT or overnight incubation at RT. The slide was
then rinsed with PBS three times for five minutes. The slide was then incubated with a
1:1000 dilution of secondary goat anti-mouse Alexa Fluor 488 antibody in PBS for 60
minutes. The slide was then rinsed with PBS three times for five minutes. The coverslip
was mounted with Prolong Diamond Antifade Mounting solution containing DAPI and
incubated in the dark overnight. The slide was then scanned under Nikon Eclipse
TE2000-E microscope using a 100X lens.
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Chapter 3: Results
3.1 Production and Characterization of monoclonal antibody against Pf-GARPM
3.1.1 Characterization of mouse sera immunized with Pf-GARPM recombinant proteins
To characterize the functional role of Pf-GARP at the blood stage of malaria
infection, we decided to produce mAb against Pf-GARPM. Six BALB/c mice were
immunized with recombinant Pf-GARPM protein as described above. Western Blot
analysis showed that five out of six serum samples were positive for reactivity against
recombinant His-Pf-GARP protein at the dilution of 1:10,000 (data not shown). Nonimmune mice did not show any reactivity to Pf-GARPM (data not shown). The Ponceau
S stained nitrocellulose membrane showing His-Pf-GARPM at 25kDa in E. coli is shown
(Figure 3.1). Western Blot analysis detected recombinant His-GARPM using the
immunized mouse sera. The results of two mice were shown in (Figure 3.1). Both mice
recognized the recombinant His-Pf-GARPM at 25kDa.
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Figure 3.1 Characterization of mouse sera immunized with Pf-GARPM. A. Ponceau
S (PS) stained membrane-showing His-Pf-GARPM in E. coli lysate. His-Pf-GARPM
is shown as 25kDa band. B. Western Blot analysis of Pf-GARPM immunized mouse
sera toward recombinant His-Pf-GARPM protein. The whole cell lysate of E. coli
expressing His-Pf-GARPM was resolved by SDS-PAGE and transferred on nitrocellulose
membrane. Out of six immunized mice (#1 - #4), two best sera (#1 and #4) are shown
here. Recombinant His-Pf-GARPM (25kDa broad band) is recognized by both sera as
indicated above.
3.1.2 Detection of endogenous Pf-GARP protein by sera from immunized mice
To detect the endogenous Pf-GARP protein by immune sera, I tested the mouse
sera by western blot analysis. The Ponceau S staining of the membrane noted a prominent
band in the P. falciparum infected ghosts (Figure 3.2, lane 2) at ~40kDa that does not
correspond to the 48kDa detected by the antisera (Figure 3.2). The 48kDa protein is not
visible in Ponceau S stained membrane. Western blot analysis showed a specific band of
48kDa in Pf infected RBC ghosts but not in uninfected ghosts by multiple sera #4 and #6
(Figure 3.2). The data for the remaining mice including sera#1, #2, #3, and #5 are not
shown.
Next, I performed an antigen blocking competition experiment to test if
recombinant Pf-GARPM protein reactivity is specific for Pf-GARPM at 48kDa. The sera
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were pretreated with recombinant Pf-GARPM protein to compete out the specific PfGARP reactivity, and the 48kDa signal was blocked by Pf-GARPM treated serum
(Figure 3.2), indicating that the specificity of the 48kDa band. The expected molecular
weight of Pf-GARP full length coding sequence is much larger ~80kDa. Our results
suggest that the 48kDa protein detected in the P. falciparum infected erythrocyte lysate
reflects a processed form of Pf-GARP in vivo.

Figure 3.2 Detection of endogenous Pf-GARP protein by sera from immunized mice.
A. Ponceau S (PS) staining of the membrane. Note that the prominent band in the P.
falciparum infected ghosts (lane 2) is about 40kDa and does not correspond to the 48kDa
detected by the antisera. The 48kDa protein is not visible in Ponceau S stained
membrane. B. Western Blot analysis with antisera using P. falciparum culture lysate.
RBC ghosts were prepared from normal human RBCs (lane 1) and from P. falciparuminfected RBCs (lane 2). Both mice #4 and #6 sera detected specific band of 48kDa. C.
Western blot analysis with antisera blocking competition toward P. falciparum
culture lysate. RBC ghosts were prepared from normal human RBCs (lane 1) and from
P. falciparum infected RBCs (lane 2). Mouse #4 sera was pretreated with recombinant
Pf-GARPM protein to compete out the specific Pf-GARP reactivity, and the 48kDa
signal was blocked by Pf-GARPM treated serum, indicating that the specificity of 48kDa
band. Non-immune (NI) mice did not show any reactivity to Pf-GARPM.
3.1.3 Development of a monoclonal antibody against Pf-GARP
The hybridoma culture supernatant samples were screened by ELISA (data not
shown) toward His-Pf-GARPM protein. His-Pf-GARPM recombinant protein was
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immobilized on 96 well ELISA plate wells. We selected 32 hybridoma clones from the
768 hybridoma culture supernatant samples. The results of 32 clones by ELISA are
shown in (Figure 3.3).
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Figure 3.3 ELISA analysis of 32 hybridoma clones. His-Pf-GARPM recombinant
protein was immobilized on the ELISA plate and 32 positive supernatants were selected.
Generation of the monoclonal antibody involves harvesting of B cells from the
spleen of an animal that has been challenged with an antigen, and subsequently fusion
with an immortal myeloma tumor cell line (Figure 3.4). A tumor of the fused cells is
called a hybridoma, and these cells secrete mAb specific for the antigen. The B cells
confer Ab production capability, while the myeloma cells enable hybridoma to divide
[26]. Hybridomas secrete only one Ab type, effectively ensuring a long-term supply of
antibodies selective for a single epitope, which are also known as monoclonal (Figure
3.4).

17

Figure 3.4 Summary of monoclonal antibody production. Producing monoclonal
antibody involves immunization of an animal, usually a mouse; obtaining immune cells
from its spleen; and fusing the cells with a myeloma cell line to make them immortal so
that they can grow and divide indefinitely.
The 32 clones of hybridoma we identified were expanded further and the culture
supernatants were obtained. Many of the clones retained strong reactivity toward His-PfGARPM by ELISA, whereas some hybridoma clones lost the reactivity. These
supernatants were further characterized by western blotting and the results are
summarized in (Table 3.1).
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Table 3.1 Summary of the hybridoma reactivity. To select the best monoclonal
antibody produced hybridoma clones, all 32 clones were analyzed by both ELISA and
Western blotting to determine the clones that recognize the 48kDa protein of Pf-GARP.
Table 1 outlines the summary of all 32 clones analyzed by ELISA and western blotting.
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3.1.4 Final selection of positive clones
After completing the identification of 32 positive clones, the next step was to
select five or six clones that meet all the criteria as listed above. These characteristics
were based on ELISA absorbance, Western Blot (IB) dilution, Western Blot quality, and
the Western Blot detection of Pf-GARPM in the Pf lysate. Final screen included
hybridomas # 2, 7, 19, 21, 26, and 28. Each hybridoma was tested against lysate from
uninfected RBCs (lane 1) and Pf infected RBCs (lane 2). All clones recognized the
48kDa antigen in P. falciparum lysate by western blot analysis (Figure 3.5). Based on
these data, we selected hybridoma #7 as the best clones and named it GARPM7 or GM7.
The GM7 hybridoma was selected for further sub-cloning and expansion. The GM7
hybridoma cells were clonally purified by limiting dilution, and final clone, GM7-1, was
used for large scale mAb production.

Figure 3.5 Final selection of clones by Western blotting. Six best hybridoma
supernatants were identified using Pf culture lysate. RBC ghosts were prepared from
uninfected human RBCs (lane 1) and from Pf infected RBCs (lane 2). All clones
recognized 48kDa antigen in P. falciparum lysate. The hybridoma clone#7 was selected
as the best supernatant.
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3.1.5 Mapping of GM7 epitope within Pf-GARPM.
The mAb was purified by Protein G Sepharose column. Isotype of the mAb was
determined to be IgG3, and the purified GM7 mAb was used to map the epitope within
GARPM (Figure 3.6). First, we were interested in mapping the epitope of GM7 within
Pf-GARPM. One reason was to identify two independent monoclonal antibodies that
recognize two distinct non-overlapping parts of Pf-GARPM. The rationale was to
develop a sandwich type ELISA system to detect Pf-GARP protein in the human malaria
plasma samples.
Pf-GARPM was divided into two segments termed Pf-GARPM1 and PfGARPM2. These proteins were expressed and purified as TRX proteins as described
earlier (Figure 3.6). Using western blotting, the GM7 mAb recognized TRX-Pf-GARPM
protein and TRX-GARPM1 protein (Figure 3.6). However, GM7 did not recognize TRXPf-GARPM2 or the negative control TRX (Figure 3.6). Therefore, we screened the
remaining 31 hybridoma clones for the reactivity toward Pf-GARPM2. Again, none of
the clones reacted with TRX-Pf-GARPM2 (data not shown). Based on these
observations, it was not feasible to develop a sandwich type ELISA for Pf-GARP at this
stage.
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Figure 3.6 Characterization of the purified GM7 mAb by Western Blotting. A.
Coomassie stained SDS-PAGE gel of TRX-proteins. Cell lysate of E. coli expressing
TRX-GARPM proteins was resolved on 12% gel. Lanes show TRX as a negative control
(lane 1), TRX-Pf-GARPM1 (lane 2), TRX-Pf-GARPM2 (lane 3), and TRX-pf-GARPM
(lane 4). The position of respective recombinant protein is shown by the arrowheads. B.
Western blot data of purified GM7 mAb. Trx-GARPM1 (lane 2) and TRX-GARPM
(lane 4) are recognized by GM7 strongly and specifically. C. Quantification of the
Western Blot data.
3.1.6 Localization of Pf-GARP using GM7 monoclonal antibody by Immunofluorescence
The generation of GM7 mAb enabled us to determine the localization of PfGARP in P. falciparum infected RBCs. This approach allowed to us to confirm the
principle that proteins from Plasmodium falciparum contain lysine-rich tandemly
repeating sequences that confer their peripheral localization in infected RBCs [3].
Therefore, I decided to examine the localization of Pf-GARP in a Pf-infected RBCS by
immunocytochemistry using GM7 mAb. The P. falciparum 3D7 stain was used for
immunofluorescence analysis by GM7 mAb. The GM7 detected Pf-GARP on the surface
of infected RBCs indicating that P. falciparum exports Pf-GARP to surface
compartments of infected erythrocytes (Figure 3.7). The GM7 did not detect any signal in
uninfected RBCs, further demonstrating the specificity of our antibody for Pf-GARP
(Figure 3.7).
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Figure 3.7 Immunofluorescence analysis of Pf-GARP using GM7 monoclonal
antibody. I. Pf infected human RBCs were fixed and stained with GM7 mAb. A.
Bright field image of Pf infected RBC. B. DAPI stain. C. Pf-GARP staining with GM7.
D. Overlay.
3.1.7 Mapping of the GM7 epitope within Pf-GARPM using synthetic peptides
Since all 32 hybridoma clones secreting monoclonal antibodies reacted against PfGARPM1 and none reacted against Pf-GARPM2, we wanted to test whether there are
any hybridoma clones that recognize different epitopes within Pf-GARPM1. If
successful, these two monoclonal antibodies would allow us to develop a sandwich
ELISA as outlined before. To accomplish this goal, we elected to use synthetic peptides
of defined specificity.
As shown in (Figure 3.8), Pf-GARPM is composed of characteristic repeat
structures. GARPM1 consists of nine repeats of five amino acid motifs represented by the
consensus xEHKx. Moreover, Pf-GARPM1 can be further divided into two groups; first
six repeats consist of highly conserved EEHKE or GEHKE repeats and following three
repeats consists of more diverse EEHKK-EEHKS-KEHKS sequence elements.
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Figure 3.8 Summary Plasmodium falciparum GARPM synthetic peptides. The PfGARPM protein was divided into several segments based on its known repeat structure.
These segments were produced as synthetic peptides. M1P1 peptide contains two repeats
of GEHKE and one repeat of EEHKE. M1P2 contains one repeat of EEHKK, EEHKS
and KEHKS. M1P4 contains a biotin–GS-TP linker- and the first four repeats. M1E4R
peptide contains four single repeats of EEHKE. M1G4R peptide contains four single
repeats of GEHKE. Both peptides contain the N-terminal biotin SG–linker tag. M1P6
peptide contains six repeats (three E repeats and three G repeats) linked to flexible
linker.M2K4 and M2K5 peptides contain four and five repeats of the Pf-GARPM2,
respectively.
M1P1 is a synthetic peptide composed of two repeats of GEHKE and one repeat
of EEHKE. M1P2 peptide is composed of one repeat of EEHKK, EEHKS, and KEHKS
sequence. M1P4 peptide is 20-amino acid long consisting of a biotin–GS-TP linker
conjugated to two repeats of EEHKE and two repeats of GEHKE. Similarly, the M1E4R
peptide consists of four repeats of single EEHKE. M1G4R peptide consists of four
single repeats of GEHKE. Both M1E4R and M1G4R peptides were assembled to
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determine whether multiples of a single repeat can provide a more optimal surface for
reactivity against monoclonal antibodies. Finally, the M1P6 peptide was designed with a
flexible linker conjugated to three repeats of each EEHKE and GEHKE.
Since Pf-GARPM2 consists of five repeats of highly basic five amino acids
defined by the consensus sequence KxKKx, we elected to synthesize two peptides
covering the entire Pf-GARPM2. M2K4 peptide contains four repeats whereas M2K5
peptides five repeats. Both peptides contained an SGSG linker to provide flexibility to
Biotin. The composition and location of each synthetic peptide is shown in (Figure 3.8)
where the Pf-GARPM1 and Pf-GARPM2 segments are highlighted by red and green
color.
I first tested which of these repeats is recognized by the GM7 mAb. The peptide
M1P1 containing repeats four-six and M1P2 containing repeats seven-nine were tested
first (Figure 3.8). ELISA showed that GM7 recognized M1P1 but not M1P2 (Figure 3.9)
indicating that the GM7 epitope is located within these repeats. I then tested the
remaining 31 hybridoma clones to see if any of these clones will react with M1P2 by
ELISA. No reactivity was detected with M1P2 (data not shown). As expected, no
reactivity was detected with M2K4 and M2K5 peptides. Together, these results
demonstrated that GM7 and all other hybridomas recognize only Pf-GARPM1 within an
epitope assembled by both EEHKE-GEHKE repeats. This epitope is highly
immunogenic, and essentially all the positive clones we identified are directed toward
that same epitope.
A summary of GM7 mAb reactivity to various synthetic peptides is given below:
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M1P1 and M1P2 peptides ELISA using GM7 demonstrated that the reactive
epitope resides within the repeats contained within M1P1. The absorbance signal (~0.2
OD) from the M1P2 peptide was comparable to negative controls (Figure 3.9). Based on
these data, peptide sequence contained within M1P2 was not further pursued.
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Figure 3.9 Plasmodium falciparum GARPM synthetic peptides M1P1 and M1P2.
Data show that GM7 recognized M1P1 but not M1P2. This result suggests that PfGARPM1 epitope is likely to be encoded by EEHKE-GEHKE repeats since essentially
all positive clones identified the same epitope.
M1P4 This 20-amino acid peptide contains two repeats of EEHKE and two
repeats of GEHKE. ELISA indicated the GM7 mAb detects M1P4 (Figure 3.10). It is to
be noted that the binding affinity for M1P4 appears to be slightly better than M1P1
presumably due to the presence of an additional repeat in M1P4 (Figure 3.10). Another
possibility could be the presence of a biotin molecule linked to four repeats via a flexible
linker.
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Figure 3.10 Plasmodium falciparum GARPM synthetic Peptides M1P1 and M1P4.
Results show that GM7 recognized both M1P1 and M1P4 indicating that GM7 epitope is
located within EEHKE-GEHKE repeats.
M1E4R and M1G4R peptides - These peptides were designed to determine the
relative reactivity of EEHKE and GEHKE repeats by GM7. Each peptide contains four
repeats.
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Figure 3.11 Plasmodium falciparum GARPM synthetic peptides M1E4R and
M1G4R. Data show that GM7 recognized M1E4R but not M1G4R. This result suggests
that Pf-GARPM1 epitope is likely to be encoded by EEHKE repeats since essentially all
positive clones identified the same epitope.
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GM7 recognized M1E4R peptides but didn’t M1G4R peptide (Figure 3.11). This result
suggests that GARPM1 epitope particularly EEHKE motif is highly immunogenic.

M1P6 –This peptide contains three EEHKE repeats and three GEHKE repeats.
The six repeats were conjugated to biotin via a flexible linker. ELISA data demonstrated
that GM7 reacted with relatively higher affinity to M1P6 peptide as compared to M1P4
and M1P1 peptides (Figure 3.12). Based on these data, it was concluded that M1P6
peptide encodes an optimal immunogenic epitope recognized by GM7 mAb. The M1P6
peptide was selected for the development of an ELISA-based screen to test human
plasma samples from patients from malaria endemic areas of Africa.

GM7 monoclonal Antibody
1.6
1.4
A
b 1.2
s
1

M1P6

0.8

M1P4

0.6

M1P1

0.4

609598

0.2

PBS

4
5
0
n
m

0
M1P6

M1P4
M1P1
609598
P.f GarpM Synthetic Peptides

PBS

Figure 3.12 Plasmodium falciparum GARPM synthetic peptides M1P6, M1P4, and
M1P1. Data indicate that M1P6 peptide encodes the most reactive antigenic epitope
recognized by GM7 indicating that the epitope is located within EEHKE-GEHKE
repeats.
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Figure 3.13 Plasmodium falciparum GARPM synthetic peptides M1P6, M1E4R and
M1G4R. Data indicate that M1P6 peptide encodes the most reactive antigenic epitope
recognized by GM7 indicating that the epitope is located within EEHKE-GEHKE
repeats.
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Figure 3.14 Plasmodium falciparum GARPM synthetic peptides M1P6, M2K4 and
M2K5. Data indicate that M1P6 peptide encodes the most reactive antigenic epitope
recognized by GM7 indicating that the epitope is located within EEHKE-GEHKE
repeats.
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3.2 Clinical application of Pf-GARP ELISA: Proof of Concept
3.2.1 Screening of patient plasma against Pf-GARPM
Previously, we tested 10 plasma samples from malaria endemic areas in Africa for
reactivity against Plasmodium falciparum Signal Peptide Peptidase (PfSPP) [27]. These
samples were originally obtained from the National Institutes of Health (NIH) as part of a
screen to search for potential biomarkers of malaria infection in endemic areas. These
plasma samples were obtained from 10 healthy female adults living in the rural village of
Kambila, Mali where transmission of P. falciparum is seasonal and intense [28].
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Figure 3.15 Screening of patient plasma against Plasmodium falciparum GARPM.
His-GARPM was used to detect antibody response against Pf-GARP in 10 malaria
patients living in malaria endemic areas. The screening revealed high plasma reactivity
against His-GARPM in one of the ten samples. ELISA screen also showed relatively low
plasma sero-reactivity against His-GARPM in some of other 9 plasma samples.
To validate our findings with Pf-GARP, we used the same 10 samples to screen
for antibodies against Pf-GARPM using His-Pf-GARPM as a bait using our ELISA
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protocol (Figure 3.15). Since we detected very high seropositive response from Kam
2064 sample, and low signal from other samples (Figure 3.15), we decided to screen
additional plasma samples from the same region in Africa. The NIH laboratory provided
us an additional 370 plasma samples from the same malaria endemic area as described
above. These plasma samples came from subjects representing both sexes as well as
young children exposed to malaria.
Using recombinant His-Pf-GARPM as bait, we screened 370 malaria subjects by
ELISA. Again, our ELISA screening identified several samples of high seropositive
response. Some of the representative samples of this screen are shown in (Figure 3.16).
The seropositive response from the remaining plasma samples is shown in (Table 3.2 and
Table 3.3).
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Figure 3.16 Screening of patient plasma against Plasmodium falciparum GARPM.
The ELISA screening of the 370 malaria samples revealed high plasma reactivity against
His-GARPM in some samples. This histogram shows sero-positivity in some
representative samples. Data from the remaining plasma samples are shown in Table 3.2
and Table 3.3.
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Table 3.2 Summary of seropositive response from the remaining plasma samples
The ELISA screening of the 370 malaria samples revealed high plasma reactivity against
His-GARPM in tabulate samples. This data shows sero-positivity in some representative
samples.
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Table 3.3 Summary of seropositive response from the remaining plasma samples
The ELISA screening of the 370 malaria samples revealed high plasma reactivity against
His-GARPM in tabulate samples. This data shows sero-positivity in some representative
samples.
To further validate our model that subjects living in the malaria endemic areas
could be screened for antibodies against Pf-GARP by our ELISA screens, we used the PfGARPM derived synthetic peptide M1P6. We selected 20 positive and negative plasma
samples from our His-GARPM based ELISA screens of 380 human plasma samples
(Figure 3.17 and Table 3.2 and Table 3.3). Consistent with the results of His-GARPM
screens, the ELISA screening using M1P6 peptide also revealed high plasma reactivity
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against Pf-GARP in some samples as shown in (Figure 3.17). Also, to compare the data
from (Figure 3.17), I selected the same 20 positive and negative plasma samples from our
His-GARPM based ELISA screens of 380 human plasma samples. Consistent with the
results, the ELISA screening using recombinant His-GARPM also revealed high plasma
reactivity against Pf-GARP in some samples as shown in (Figure 3.18). Together, these
results demonstrate that information from the peptide mapping, His-GARPM fusion
protein, and M1P6 synthetic peptide allowed us to develop an ELISA screening strategy
to detect antibody reactivity in subjects exposed to malaria infection in the endemic areas
of Africa.
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Figure 3.17 Screening of patient plasma against Plasmodium falciparum GARP
synthetic peptide M1P6. The ELISA screening of 20 out of the 380 malaria samples
revealed high plasma reactivity against the synthetic peptide M1P6 in some samples. This
histogram shows sero-positivity in some representative samples.

34

609598

Kam2064

Kam020

Kam026

Kam094

Kam078

Kam067

Kam012

Kam161

Kam224

Kam222

Kam208

Kam206

Kam183

Kam159

Kam149

Kam107

Kam101

Kam104

Kam060

His-GARPM

Kam140

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

PBS

Abs 450nm

Pf-GARPM Recombinant Protein

Human Malaria Plasma

Figure 3.18 Screening of patient plasma against Plasmodium falciparum GARPM.
The ELISA screening of 20 out of the 380 malaria samples revealed high plasma
reactivity against the synthetic peptide M1P6 in some samples. This histogram shows
sero-positivity in some representative samples.
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Chapter 4: Discussion
Plasmodium falciparum malaria remains a leading cause of mortality, and
vaccines are urgently needed to attenuate this public health threat [9]. Severe malaria
caused by P. falciparum, due to multiple organ failures which is associated with
increased adhesiveness of parasite-infected erythrocytes contributing to the blockage of
micro-capillaries [29]. Malaria disease is influenced by the ability of parasites to express
specific subsets of adhesive proteins, such as those expressed in parasites causing
cerebral and pregnancy associated malaria. Therefore, there is an urgent need to identify
proteins whose expression is indicative of disease severity. This information could guide
intervention strategies aimed at lessening the symptoms of malaria in both non-immune
and partially immune individuals [2].
Plasmodium falciparum is known to encode a Glutamic Rich-Acid Protein termed
Pf-GARP that is expressed in various parasite isolates that were selected for their ability
to bind particular host receptors [2, 3]. From the studies with field isolates, it appears that
Pf-GARP is very immunogenic, and it is abundant in children from endemic areas [2, 3].
Importantly, Pf-GARP is unique to P. falciparum, and is not expressed in other
Plasmodium species, implying that this protein may play an important functional role in
the severity of human malaria infection. These features suggest that Pf-GARP could be
critical for the virulence of human malaria pathogenesis [2].
To investigate the functional role of Pf-GARP, we decided to produce a mAb and
develop a quantitative assay to measure Ab response against Pf-GARP in human subjects
exposed to P. falciparum malaria. Based on our recent findings, we identified a core
domain of Pf-GARP that binds to human erythrocytes/RBCs using phage display cDNA
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technology (unpublished data). This core domain of Pf-GARP was designated as PfGARPM. Since Pf-GARPM binds to RBCs, we cloned and expressed a TRX fusion
protein of Pf-GARPM and injected purified protein into six BALB/c mice to induce an
immune response. After several boosts with a His-Pf-GARPM fusion protein, mice were
tested for immune response by Western Blotting. Among the six mice injected, five mice
produced the most robust response against the 25kDa His-Pf-GARPM protein, two mice
western blotting analysis is shown (Figure 3.1).
Before proceeding with the generation of a mAb, we first decided to test for the
reactivity of mouse serum against endogenous Pf-GARP protein by Western blotting.
The mouse serum detected a single 48kDa band in P. falciparum infected RBCs but not
in uninfected RBCs (Figure 3.2). Although a positive signal was detected by sera from all
immunized mice, two mice showed the best response (Figure 3.2).
The specificity of 48kDa was further confirmed by the antigen blocking
competition experiments where recombinant His-GARPM protein blocked the reactivity
of mouse sera against 48kDa band of endogenous Pf-GARP in parasite cell lysates
(Figure 3.2). Since the predicted molecular weight of Pf-GARP is ~80kDa, we concluded
that the 48kDa band reflects a processed form of Pf-GARP in vivo. A similar processing
of malaria antigens including Plasmodium falciparum Merozoite Surface Protein
(MSP1), and Plasmodium falciparum Reticulocyte-binding protein homologue 5 (RH5)
has been demonstrated for multiple proteins detected during the blood stage of malaria
pathogenesis[30-32]. Together, these observations suggest that the core RBC-binding
domain of Pf-GARP encodes a highly immunogenic sequence that appears to be suitable
for the generation of monoclonal antibodies.
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To generate monoclonal antibodies against Pf-GARP, we screened 32 hybridomas
and selected the GM7 as the best mAb as described in the Results section (Figure 3.3).
First, we were interested in mapping the epitope of GM7 within Pf-GARPM. The
GM7 recognized TRX-GARPM and TRX-GARPM1 but not TRX-GARPM2 or the
negative control TRX. We tested 31 additional hybridoma clones (data not shown) for
their reactivity toward Pf-GARPM2. We did not find any clone with reactivity for PfGARPM2. Based on these data, it was not feasible to develop a sandwich-type ELISA
suitable for the detection of endogenous Pf-GARP in future studies.
We then tested GM7 mAb for its ability to detect endogenous Pf-GARP in P.
falciparum infected RBCs by immunofluorescence microscopy. GM7 successfully
detected Pf-GARP on the surface of infected RBC (Figure 3.7). These observations
suggest that the native Pf-GARP is transported to the cell surface consistent with the
presence lysine-rich tandemly repeating sequences that confer a peripheral localization in
the infected RBCs. Pf-GARP contains three distinct lysine-rich repeat sequences with a
potential targeting function [3]. Moreover, successful localization of Pf-GARP in infected
RBCs indicates that GM7 is a suitable mAb to investigate both denatured and native PfGARP in future studies.
The next step was to map the GM7 recognition epitope within Pf-GARPM1 using
synthetic peptides. The rationale for this approach was based on the assumption that if
GM7 recognizes a dominant immunogenic epitope in Pf-GARP, then identification of
this epitope may allow us to develop an ELISA to detect GM7 like Ab response in
subjects from malaria endemic areas. As shown in (Figure 3.8), Pf-GARP is composed of
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characteristic repeat structures. Pf-GARPM1 consists of nine repeats of five amino acid
motifs represented as xEHKx, and GARPM1 can be also be divided into two groups; first
six repeats consist of highly conserved EEHKE or GEHKE repeats, followed by three
repeats that are relatively more diverse EEHKK-EEHKS-KEHKS.
We designed several synthetic peptides encoding a combination of various repeats
(Figure 3.8.). By performing a series of ELISA screens, a core sequence containing the
EEHKE repeat was identified showing the highest reactivity for GM7 (Figure 3.11).
Although the GEHKE repeat alone did not show much reactivity, its presence was
required to confer optimal response from the peptide containing EEHKE repeats. Based
on these observations, we designed a peptide containing three EEHKE and three GEHKE
repeats. This peptide termed M1P6 was linked to biotin via a flexible linker and served as
the primary bait peptide to develop an ELISA for subsequent antibody screening of
patient plasma samples.
As described in the Results section above, we obtained 380 plasma samples from
subjects living in malaria endemic areas of Mali. These samples were originally acquired
by the NIH for their malaria research program. We have previously published the Ab
reactivity of 10 plasma samples for another malaria antigen termed PfSPP [27]. We first
screened all 380 plasma samples using His-Pf-GARPM fusion protein as bait in our
ELISA screens. The rationale for using the His-Pf-GARPM protein was to capture all
potential Ab positive samples that might be otherwise missed by a single peptide-based
ELISA screens. Using this approach, we identified a number of Ab positive samples for
Pf-GARPM (Figure 3.16). From these screens, we selected 20 samples that included both
positive and negative hits using the His-Pf-GARPM as bait. These 20 samples were then
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analyzed by the M1P6 peptide-based ELISA screen as well as His-GARPM recombinant
protein. Consistent with the screen performed with the His-Pf-GARPM protein, several
samples that were positive with the fusion protein also tested positive by the peptidebased screen (Figure 3.17 and Figure 3.18). These observations suggest that our newly
developed peptide-based ELISA may serve as a suitable diagnostic tool to screen for Ab
reactivity against Pf-GARP in subjects from malaria endemic areas.
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4.1 Conclusion
In summary, we have developed a new mAb that is specific for Plasmodium
falciparum GARP protein. The GM7 mAb can detect both native and recombinant PfGARP using western blotting and immunofluorescence assays. We have identified a key
peptide repeat of Pf-GARP recognized by GM7 mAb. Based on this information, we
developed a quantitative ELISA that can detect Ab reactivity against Pf-GARP in human
subjects from malaria endemic areas. Our anticipation is that the relatively higher Ab
response against Pf-GARP may correlate with the protection of severe malaria disease,
particularly the symptoms observed in cerebral and pregnancy-associated P. falciparum
malaria. These findings may lay the foundation for the discovery of Pf-GARP as a
biomarker for the disease progression in severe malaria.
4.2 Future Direction
The feasibility of our ELISA based screen for testing the presence of Pf-GARP
antibodies would require screening of human blood samples from malaria endemic areas
of Africa and around the world. If these samples establish a correlation between PfGARP Ab response in severe malaria, our findings may provide the basis of a novel
diagnostic tool for future studies.

The GM7 mAb against Pf-GARP will allow further characterization of the function of PfGARP using immunoprecipitation and mass spectrometry-based approaches.
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