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Abstract
Macrophage migration inhibitory factor (MIF) has been shown to be involved in the pathogenesis
of severe malaria. Malaria parasites express an MIF homolog that may play a role in regulating
host immune responses and a recent study showed that overexpression of MIF reduced parasitemia
in a mouse malaria model. Another recent study showed migration of monocytes to the spleen
contributed to the control of blood stage infection. However, there are few papers describing the
effect of MIF on monocyte recruitment/activation during the infection. We generated recombinant
P. yoelii MIF (rPyMIF) and investigated its function on purified mouse CD11b+ cells in vitro and
monocyte responses in vivo. The result shows that rPyMIF protein bound to mouse CD11b+ cells
and inhibited their random migration in vitro. On the other hand, rPyMIF did not induce cytokine
release from the cells directly or modulate LPS-induced cytokine release. Mice immunized with
rPyMIF showed transient, but significantly lower parasitemia than the control mice at day 3 after
lethal Py17XL challenge. The total number of CD11b+ cells in the spleens was significantly
higher in rPyMIF-immunized group. Further investigation revealed that there were significantly
higher numbers of recruited and activated monocytes in the spleens of rPyMIF immunization
group on day 3. These results indicate that PyMIF potentially modulates monocyte recruitment
and activation during infection of P. yoelii erythrocytic stages.
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Introduction
Most malaria infections either remain asymptomatic or progress to disease without lethal
complications in people who live in malaria endemic areas due to the acquisition of clinical
but nonsterilizing immunity after repeated exposure. Viewed in an evolutionary context,
malaria may have co-evolved with host immune responses and developed strategies to
circumvent host defenses like other microorganisms.
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Macrophage migration inhibitory factor (MIF) is a highly evolutionarily conserved 12.5-kDa
protein that can inhibit random migration of macrophages (Baugh and Bucala 2002). MIF is
a multifunctional, immunoregulatory, and proinflammatory cytokine secreted by many cell
types including macrophages and T cells (Baugh and Bucala 2002; de Jong et al. 2001;
Leech et al. 2000) and has been shown to be involved in many human inflammatory diseases
(Santos et al. 2001; Takahashi et al. 2001). Host MIF has been reported to be involved in the
pathogenesis of severe malarial anemia in humans (McDevitt et al. 2006; Awandare et al.
2007). In recent years, homologs of human MIF have been identified from Plasmodium
falciparum (PfMIF), P. berghei (PbMIF), and P. yoelii (PyMIF) (Shao et al. 2008 and 2010;
Augustijn et al. 2007; Cordery et al. 2007; Thorat et al. 2010). Interestingly, the malaria-
derived MIF exhibits biochemical and immunostimulatory features similar to those of host
MIF and may play a role in regulating host immune responses to help parasites survive
within their hosts. PfMIF was shown to have chemotactic activity on human monocytes and
reduce surface expression of Toll-like receptor (TLR) 2, TLR4, and CD86 (Cordery et al.
2007). PyMIF has a three-dimensional structure similar to that of mouse MIF and is capable
of activating the MAPK/ERK and PI3K/AKT pathways in the NIH/3T3 cell line (Shao et al.
2010). While PbMIF knockout (KO) parasites exhibited no significant difference in
parasitemia in vivo compared to wild-type parasites (Augustijn et al. 2007), a recent study
with transgenic virulent Py17XL parasites that constitutively overexpressed PyMIF showed
reduction of mortality (Thorat et al. 2010).

Recently, the roles of monocytes in malaria pathogenesis have received increasing attention.
Monocytes have been reported to be important in the first line of innate defense against
malaria (Mohan and Stevenson 1998; Urquhart 1994). Activation of monocytes can induce
production of parasiticidal mediators and receptor-mediated phagocytosis (Greve et al. 1999;
Patel et al. 2004; Sponaas et al. 2009). Monocytes have also been found to be associated
with sequestration of infected erythrocytes in cerebral post-mortem specimens in P.
falciparum (Jenkins et al. 2006). In the P. chabaudi challenge model, it has been shown that
transgenic mice lacking a chemokine receptor CCR2, which is known to be involved in
monocyte recruitment to the spleen, showed prolonged high parasitemia compared to wild
type mice (Sponaas et al. 2009). However, the effect of malaria MIF on monocyte
recruitment/activation during malaria infection has not been studied yet. To answer this
question, we generated recombinant P. yoelii MIF (rPyMIF) protein and investigated its
ability to modulate function of mouse CD11b+ cells in vitro. CD11b is widely used as a
marker of mouse monocyte and monocyte lineage cells, but other types of cells, such as
natural killer (NK) cells, granulocytes, also express the marker to a lower extent. Therefore,
using additional markers, we explored the effect of rPyMIF immunization on the monocyte
response during Py17XL infection.

Materials and methods
Cloning and expression of rPyMIF

Messenger RNA (mRNA) was isolated from blood-stage P. yoelii 17XL parasites with
TRIZOL agent (Invitrogen, Carlsbad, CA, USA), and cDNA was synthesized using a
commercial kit (Invitrogen). Sequence coding for PyMIF was PCR amplified using PyMIF-
specific primers: PyMIF forward (5'-catggatccatgccttgctgcgaatta-3' with a BamHI restriction
site) and PyMIF reverse (5'-atcgtcgacttagccaaatagtgaacc-3' with a SalI restriction site). After
amplification, PCR products were digested with the restriction enzymes and cloned into
plasmid vector pET32a (Invitrogen). Plasmids containing inserts were purified and
sequenced to verify correct coding sequence and reading frame and were introduced into
Escherichia coli (strain BL21; New England Biolabs, Ipswich, MA, USA). Bacteria with the
plasmid from an overnight culture were diluted (1:100) and grown to an optical density of 1
OD. Expression of rPyMIF was induced at 37°C by addition of 0.1 mM IPTG for 5 h. The

Zhang et al. Page 2

Parasitol Res. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recombinant protein, expressed as an rPyMIF-trxA (thioredoxin) fusion protein, was
purified using 6X His-tag/Ni-NTA affinity chromatography (Qiagen, Valencia, CA, USA).
Eluted proteins were dialyzed against loading buffer (25 mM Tris-HCl, pH 7.8, and 50 mM
NaCl). To remove the trxA fusion protein, the purified protein was cleaved with
enterokinase (Roche, Indianapolis, IN, USA) and the trxA protein (with his-tag) was
removed using a 6X His-tag/Ni-NTA affinity chromatography. Endotoxin in either rPyMIF-
trxA or rPyMIF protein solution was removed using Detoxi-Gel endotoxin removing
columns (Pierce, Rockford, IL, USA).

Western blot
A P. yoelii 17XL parasite pellet was dissolved in 1X sample loading buffer containing 0.5 M
Tris-HCl (pH 6.8), 4.4% (w/v) SDS, 20% (v/v) glycerol, 2% (v/v) 2-mercaptoethanol, and
0.1% (w/v) bromophenol blue in deionized water and was further denatured by placing the
proteins in boiling water for 10 min. Mouse MIF (mMIF) protein was purchased from R&D
Systems (Minneapolis, MN, USA). SDS-PAGE gels were run under 180 V until the tracking
dye reached the bottom of the gel. The proteins were transferred to a nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA); and the membranes were blocked with blocking
buffer (5% skim milk in 1Xphosphate-buffered saline Tween-20) for 2 h at 22°C. The
membranes were probed with sera from mice immunized with rPyMIF-trxA fusion protein,
rabbit anti-mouse MIF antibody (Invitrogen), or normal mouse sera. Sera were diluted
appropriately and incubated with the membrane at 22°C for 2 h. After washing three times
with washing buffer, the membranes were again incubated with anti-mouse IgG (R&D) or
anti-rabbit IgG conjugated with horseradish peroxidase at 22°C for 1 h. The membranes
were washed five times in washing buffer and developed in SuperSignal West Pico
chemiluminescent substrate (Thermo, Pittsburgh, PA, USA).

Binding analysis
All animal studies were done in compliance with National Institutes of Health (NIH)
guidelines and under the auspices of an Animal Care and Use Committee-approved protocol
(LMVR 10E). The rPyMIF protein was conjugated with fluorescent dye PE/Cy5 using
Lightning-Link™ PE-Cy5 tandem conjugation kit (Innova Bioscience, Cambridge, UK).
Splenocytes (2 × 106) from naïve 4- to 6-week-old BALB/c mice (Taconic, Germantown,
NY, USA) were incubated with 5 μg/ml 2.4G2 (Fc block; BD Bioscience, San José, CA,
USA) for 10 min at 4°C. The cells were incubated for 45 min at 4°C with 5 μg/ml FITC rat
anti-mouse CD11b (BD Bioscience, San jose, CA) and/or 200 ng PE/Cy5-labeled rPyMIF.
Cell acquisition was performed in a FACSCalibur (BD Immunocytometry, San jose, CA),
and data analysis was performed using FlowJo (TreeStar Inc., Ashland, OR).

Mouse CD11b+ cell migration assay and cytokine production in vitro
Mouse CD11b+ cell were purified from the spleens of naïve BALB/c mice using anti-CD11b
magnetic beads (MACS, Auburn, CA). Migration assays were performed using the QCM
chemotaxis 5 μm 24-well cell migration assay kit (Millipore, Billerica, MA, USA). The
purified CD11b+ cells (2.5 × 105) in 250 μl medium with or without rPyMIF were added to
the upper chamber, and 400 μl medium was added to the lower chamber. Plates were
incubated immediately at 37°C in 5% CO2 for 4 h. The experiment was performed
according to the manufacturer's instructions, and the samples were read on a Synergy HT
multi-mode microplate reader (BioTek, Winooski, VT, USA).

For cytokine experiments, 1 × 106/ml purified CD11b+ cells were incubated with 100 ng/ml
or 500 ng/ml of rPyMIF or 100 pg/ml of LPS (Sigma, St. Louis, MO, USA) at 37°C in 5%
CO2 for 18 h. After incubation, supernatants were collected and analyzed using a CBA
mouse inflammation kit (BD Bioscience, San José, CA, USA).
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Mouse immunization and P. yoelii challenge
One group of 15 4- to 6-week-old BALB/c mice was immunized subcutaneously at three
sites with 50 μg of rPyMIF-trxA protein. Another group of 15 mice was immunized with the
same molar concentration of trxA protein, as a control. The protein antigens were given with
complete Freund's adjuvant (Sigma) for the initial immunization; the second and third
immunizations were given in incomplete Freund's adjuvant (Sigma) at 3-week intervals.
Sera were collected before the first immunization (pre-immune sera) and 2 weeks after the
third immunization for ELISA. Two weeks after the third immunization, the mice were
infected intraperitoneally with 1 × 105 P. yoelii 17XL parasites. Three mice from each group
were sacrificed to harvest spleens for cellular assays at days 0, 3, 5, and 7 post infection.
Serum samples were also collected from each group for cytokine assay and ELISA. Blood
smears were prepared daily from day 3 post infection. Parasitemia was determined
microscopically by counting percentage of parasitized erythrocytes in 1000 red blood cells.
Mice were euthanized when they were moribund.

ELISA
The standardized methodology for performing the ELISA has been described previously
(Miura et al. 2008). A 96-well plate was coated with 100 ng/well of purified rPyMIF
(without trxA) or trxA protein. An ELISA unit of a standard was assigned as the reciprocal
of the dilution giving an OD 405 of 1 in a standardized assay. The OD of individual test
samples was converted into ELISA units using a standard curve generated from a serially
diluted standard; ELISA units of the standard were fixed once assigned, regardless of actual
OD 405 value of a standard curve in a plate.

Surface and intracellular cytokine staining and flow cytometry
Single-cell suspensions of splenocytes from P. yoelii-challenged mice were prepared by
passing the cells through a 70 μm cell strainer (BD Biosciences), and live cells were
enumerated by trypan blue exclusion (Lonza, Walkersville, MD, USA). Splenocytes from
the mice were stained with antibodies immediately. Activation status and cell phenotype of
monocytes were determined using flow cytometry and the following antibodies: FITC rat
anti-mouse CD80, PerCP rat anti-mouse CD11b, APC rat anti-mouse TNF-α, PE hamster
anti-mouse CD54, FITC rat anti-mouse CD40, PE rat anti-mouse IL-6, APC rat anti-mouse
IL-12(p40/p70), PE rat anti-mouse Ly6C, FITC rat anti-mouse CD62L, and APC rat anti-
mouse F4/80. All antibodies were purchased from BD Bioscience except F4/80 (Biolegend,
San Diego, CA, USA). Cell acquisition was performed in a FACSCalibur, and data analysis
was performed using FlowJo.

Statistical analysis
Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software Inc., San
Diego, CA, USA). An unpaired t-test was used to compare the difference between two
groups; probability values less than 0.05 were considered significant.

Results
Characterization of rPyMIF protein and anti-rPyMIF antibody

Recombinant PyMIF-trxA fusion protein (rPyMIF-trxA) was expressed in E. coli, and the
soluble protein was purified using an Ni-NTA affinity column. The fusion protein was
digested with enterokinase to remove trxA-Tag protein. We successfully produced rPyMIF-
trxA, rPyMIF, and trxA as a control protein with more than 95% purity (Fig. 1a). Purified
rPyMIF was conjugated with fluorescent dye PE/Cy5 for binding assays. Using flow
cytometry, we found that PE/Cy5-rPyMIF could bind to mouse CD11b+ monocytes (Fig.
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1b). Crossreactivity between mouse and malaria MIF proteins and anti-mouse MIF and anti-
rPyMIF antibodies was evaluated using Western blot (Fig. 1c). The anti-rPyMIF-trxA serum
from immunized mice recognized both rPyMIF and native PyMIF protein in malaria
extracts, but it did not react with mMIF protein (Fig. 1c). These results suggest that anti-
PyMIF antibody may not neutralize host-derived MIF, while PyMIF can bind to host
monocytes.

Migration and activation of CD11b+ cells mediated by rPyMIF
We next investigated whether rPyMIF showed any activity on migration of CD11b+ cells in
vitro (Fig. 2). Migration assays showed that random migration of CD11b+ cells was
significantly inhibited by treatment with 100 ng/ml or 500 ng/ml rPyMIF compared with
control (p = 0.0335 and 0.0286, respectively; unpaired t-test) (Fig. 2b). Cytokine production
in CD11b+ cells by rPyMIF stimulation was determined (Fig. 2c). Treatment with 500 ng/ml
rPyMIF did not result in any increase in production of TNF-α, IL-6 or IL-10 within 18 h.
Similarly, no production of IL-12 and MCP-1 was observed by rPyMIF (data not shown).
Moreover, there was no effect of rPyMIF on LPS-induced production of TNF-α, IL-6, or
IL-10. The results indicate that rPyMIF protein produced in this study could modulate
migration of CD11b+ cells but did not elicit cytokine production.

rPyMIF immunization recruited activated-monocytes to the spleen during Py17XL parasite
infection

To evaluate the effect of PyMIF in vivo, we conducted a challenge study with P. yoelii
17XL (lethal) parasites. Before challenge, we first immunized BALB/c mice with 50 μg
rPyMIF-trxA fusion protein (rPyMIF group) or the same molar concentration of trxA
(control group). To confirm that the immunization induced anti-PyMIF antibody in mice, the
antibody titer was determined in each mouse using ELISA plates coated with rPyMIF
(without trxA) protein two weeks after the third immunization (day 0 of challenge). The
rPyMIF group showed significantly higher anti-rPyMIF antibody titers than the control
group (p < 0.0001 by unpaired t-test) (Fig. 3a). Both groups showed almost the same level of
anti-trxA antibody (data not shown). After the immunization, we challenged the mice with 1
× 105 P. yoelii 17XL parasites. The rPyMIF group showed significantly lower parasitemia
than controls at day 3 after challenge (p = 0.0472 by unpaired t-test); however, the
differences in parasitemia between rPyMIF-immunized and trxA-immunized groups were
not significant after day 3 (Fig. 3b). Anti-rPyMIF antibodies were sustained at high levels in
the rPyMIF group until 7 days after challenge (Fig. 3a).

To investigate the effects of anti-PyMIF antibody on mouse splenic monocytes during
infection, splenocytes were harvested from both rPyMIF-immunized and control trxA
groups. There were more splenocytes per spleen in the rPyMIF-immunized group compared
with the control at day 3 after challenge (p = 0.0170 by unpaired t-test) (Fig. 4a). The
percentage of CD11b+ cells in the spleen also significantly increased in the rPyMIF group
during infections (p < 0.0001 at day 3, 5, and 7; Fig. 4b), and the biggest difference was
observed at day 3 after challenge.

Because there were significant differences between the two groups at day 3 after challenge
in terms of parasitemia and total number of CD11b+ cells in the spleen, we further analyzed
the characteristics of CD11b+ cells at day 3 using flow cytometry (Fig.5). Additional
markers were used to classify monocyte subpopulation and also to differentiate them from
other CD11b+ cells. Ly6C, a marker of inflammatory monocytes, has been identified as a
marker of monocytes that migrate from the bone marrow (BM) into sites of inflammation. In
addition, such cells have been reported to be associated with protective responses in P.
chabaudi infection (Sponaas et al. 2009). The percentage of CD11b+Ly6C+ cells per spleen
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in the rPyMIF-immunized group was 2.9-fold higher than that in the control group (Fig. 5b).
Similarly, there were more activated monocytes per spleen in the rPyMIF group as judged
by activation markers CD40 and CD80 (Fig. 5b). We also analyzed other activation or
subpopulation markers of monocytes such as CD86, CD62L, and F4/80 and found that the
percentage of these subpopulations of monocytes per spleen was higher in the rPyMIF-
immunized group (data not shown); however, when the percentage of these monocyte
subpopulations in the CD11b+ cells was calculated (e.g., the number of CD11b+Ly6C+ cells
was divided by the number of CD11b+ cells, instead of dividing by the number of total
splenocytes, etc.), there was no difference in rPyMIF-immunized and trxA control groups
(data not shown). The only exception was that the proportion of CD11b+CD54+ cells in
CD11b+ cells was lower in the rPyMIF-immunized group than in the control (Fig. 5d). The
results suggest that rPyMIF immunization modulates host monocyte responses during a
malaria infection.

Discussion
In this study, we expressed a recombinant PyMIF protein that was shown to bind to mouse
CD11b+ cells and inhibit their random migration. We found that mice immunized with
rPyMIF-trxA protein had significantly lower parasitemia at day 3 after challenge compared
with mice immunized with trxA alone. Corresponding to the reduction of parasitemia on day
3, higher numbers of recruited and activated monocytes in spleens were observed in mice
immunized with rPyMIF-trxA protein. The results suggest that malaria MIF may suppress
monocyte recruitment and activation during the infection.

Orthologs of MIF have been identified in numerous invertebrate species, including
nematodes, protozoa, and ticks (Falcone et al. 2001; Tan et al. 2001; Pastrana et al. 1998;
Augustijn et al. 2007; Miska et al. 2007; Marson et al. 2001; Wu et al. 2003; Umemiya et al.
2007), which indicates the importance of this cytokine in a wide variety of organisms. The
amino acid sequence of PyMIF shares only 30% identity with murine MIF (Shao et al.
2010), and our Western blot experiment showed that antibodies against rPyMIF did not
recognize mouse MIF. The result indicates their immunoreactive epitopes may be different,
and anti-rPyMIF antibody did not interfere with mMIF in the rPyMIF-trxA immunization
study. Despite the low homology, we showed that PyMIF could bind to mouse CD11b+ cells
and inhibit random migration of these cells in vitro. A similar phenomenon was reported by
Cordery et al. (2007), where random migration of human monocytes was inhibited by
treatment with PfMIF. These results suggest that the activation motif of MIF may be
conserved in different species. In addition to the random migration assay, we also examined
the function of rPyMIF on cytokine production. The rPyMIF protein did not directly induce
TNF-α, IL-6, IL-10, or IL-12 cytokine production. A similar phenomenon was reported by
Cordery—that human monocytes treated with PfMIF did not release different levels of IL-8,
TNF-α, or IL-13 compared with control (Cordery et al. 2007). In addition, a recent paper by
Thorat, et al., also showed that rPyMIF alone did not induce significant TNF-α release from
peritoneal macrophages compared with the medium control (Thorat et al. 2010). These
previous results, along with our current study, indicate that malaria MIF by itself may not
have the capacity to induce cytokines from host cells (at least from CD11b+ cells).

We also immunized mice with rPyMIF-trxA protein with the goal of generating neutralizing
antibodies that target PyMIF protein produced by P. yoelii during the infection. At day 3
after challenge, there was a small but significant reduction of parasitemia in the rPyMIF-
trxA immunized group compared with trxA (control) group; however, reduction of
parasitemia was observed only at this early stage of the infection, and there was no
significant differences in parasitemias after day 4 of challenge, while the level of anti-
PyMIF antibodies in the serum was sustained during infection. The result suggests that
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PyMIF may have only minor effects on parasite replication in vivo in this very virulent
infection, likely due to rapid increase in the number of parasites. In addition, a recent report
by Thorat, et al. (Thorat et al. 2010) also showed that there was marginal or no difference in
parasitemia between transgenic P. yoelii 17XL parasites that overexpress PyMIF and control
mice through day 8 of infection. Similarly, PbMIF knockout (KO) parasites exhibited no
significant difference in parasitemia in vivo compared to wild-type parasites (Augustijn et
al. 2007). Taken together, these results suggest that parasite-derived MIF has only minor
effects on parasitemia.

Monocytes derived from bone marrow (BM) hematopoiesis play an important role in host
defense against many types of pathogens, including Plasmodium (Serbina et al. 2008).
CD11bhiLy6C+ cells have been described as inflammatory monocytes that migrate from the
BM to sites of infection in the periphery. It has been reported that these migrating
monocytes recruited to the spleen play an important role in clearance of P. chabaudi
parasites (Sponaas et al. 2009). These inflammatory monocytes also express the F/40 and
CD62L antigens (Sponaas et al. 2009; Serbina et al. 2008). In this study, we show that while
P. yoelii infection increased the total number of splenocytes in the spleen in both groups,
significantly higher % of CD11b+ cells in splenocytes were seen in the PyMIF-
immunization group, a procedure that presumably reduces the level of PyMIF during
infection. When we analyzed this subpopulation of monocytes further, the percentage of
CD11bhiLy6C+ and CD40+, CD80+ activated monocytes in splenocytes also increased in the
presence of anti-PyMIF antibodies after challenge. These results suggest that PyMIF protein
may play a role in downregulating the host immune response through reduction in
inflammatory monocyte recruitment from bone marrow and downregulation of monocytes
during parasite infection. While it may limit the immune response, it may also result in less
pathology for the host.

We also observed increases in another subpopulation of monocytes (CD62L, F4/80, CD54)
in total splenocytes in rPyMIF group (data not shown). When the percent of each
subpopulation of monocytes in total CD11b+ cells was calculated, however, there was no
difference between rPyMIF and control groups, indicating that PyMIF neutralization (by
anti-rPyMIF antibody) can increase total number of monocytes in spleen but does not
change the composition of monocytes. The exception was CD54+ (ICAM-1) monocytes: the
percentage of CD54+ cells in the CD11b+ monocyte population was lower in the rPyMIF-
immunized group than that in the control group. Human MIF has been reported to
upregulate expression of ICAM-1 on vascular endothelial cells and was associated with
monocyte adhesion (Lue et al. 2002). Expression of ICAM-1 on antigen-presenting cells has
been identified as a co-stimulatory ligand during antigen presentation (Lebedeva et al.
2005), and children with severe malaria have been found to have increased expression of
ICAM-1 on monocytes (Jenkins et al. 2006). Other studies show that hemozoin-loaded
monocytes have decreased ICAM-1 expression (Schwarzer et al. 1998; Skorokhod et al.
2004). These results suggest the importance of ICAM-1 (CD54+) expression on monocytes
(or the lineage cells) during malaria infection. Additionally, we performed intracellular
cytokine staining with the splenocytes harvested from both groups of mice. While we
detected a few TNF-α-, IL-6-, IL-10-, or IL-12-producing CD11b+ cells, there were no
differences between rPyMIF and control groups (data not shown). This is consistent with
our in vitro stimulation results (i.e., no cytokine induction by rPyMIF stimulation and no
modification under LPS stimulation conditions). Therefore, it was suggested that the
reduction of parasitemia at day 3 after challenge in rPyMIF group was not due to
modification of cytokine produced from monocytes by PyMIF. Monocyte recruitment and
activation induced by the rPyMIF immunization might contribute to the slight modulation of
parasitemia at the early stage of infection. Alternatively, immunization with PyMIF may
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prime or stimulate the host innate immune system, leading to the transient lower
parasitemia.
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Fig. 1. Characterization of rPyMIF protein and anti-rPyMIF antibody
a) The rPyMIF-trxA protein was expressed using pET-32a vector in Escherichia coli (strain
BL21) and purified using a nickel-agarose column. rPyMIF (without trxA) was prepared by
digesting rPyMIF-trxA protein with enterokinase and separating the components by binding
to a nickel-agarose column: lane 1, trxA tag produced by vector the pET-32a; lane 2,
rPyMIF-trxA fusion protein; lane 3, rPyMIF without trxA protein. b) Flow cytometry
analysis of the binding of PE/Cy5-rPyMIF to mouse splenic CD11b+ cells. Splenocytes were
prepared from a naïve mouse, and CD11b+ cells were gated. wo, mouse CD11b+ cells
without rPyMIF incubation; w, mouse CD11b+ cells incubated with PE/Cy5-rPyMIF. c)
Reactivity of anti-rPyMIF-trxA antibody and anti-mMIF antibody was tested on Western
blot: lane 1, rPyMIF protein incubated with anti-rPyMIF-trxA antibody; lane 2, mMIF
protein incubated with anti-rPyMIF-trxA antibody; lane 3, mMIF protein incubated with
anti-mMIF antibody; lane 4, Py17XL parasite extract incubated with anti-rPyMIF-trxA
antibody; lane 5, Py17XL parasite extract incubated with normal mouse serum.
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Fig. 2. In vitro migration and cytokine production of mouse splenic CD11b+ cells treated with
rPyMIF
a) Mouse CD11b+ cells were purified by use of anti-CD11b magnetic beads from the
spleens of naïve BALB/c mice. FT, flow through faction; Elution, collected CD11b+ cells
fraction. b) Random migration of CD11b+ cells across a membrane was assessed in presence
of rPyMIF. Purified mouse CD11b+ cells (2.5 × 105) were added to the upper chamber with
100 or 500 ng/ml of rPyMIF, and the number of migrated cells in the bottom chamber was
determined 4 h after incubation. The mean and SEMs of numbers of CD11b+ cells in
triplicate wells are shown. *, p < 0.05 (unpaired t-test). c) Culture supernatant from 1 × 106/
ml monocytes treated with rPyMIF (100 or 500 ng/ml) and/or LPS (100 pg/ml) for 18 h was
assessed for TNF-α, IL-6 and IL-10 release using a BD CBA mouse inflammation kit. The
mean and SEM of cytokine levels in triplicate wells are shown. Data are representative of
two independent experiments.
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Fig. 3. rPyMIF-trxA vaccination changed Py17XL parasitemia significantly at the early stage of
infection
BALB/c mice (n = 15 per group) were immunized three times with rPyMIF-trxA or trxA
formulated with Freund's adjuvant or incomplete Freund's adjuvant. Two weeks after the
third immunization, the mice were challenged with 1 × 105 Py17XL parasites. a) At days 0,
3, 5, and 7 after challenge, sera were collected from three mice from each group to
determine the anti-rPyMIF ELISA units. Individual ELISA data and the geometric mean of
the group are shown. ***, p < 0.0001 (unpaired t-test). b) Parasitemia was monitored every
day starting at day 3 after challenge. Mean parasitemia and the standard error of the group
are shown. There was a significant difference between the two groups at day 3 (p = 0.0472,
unpaired t-test). Similar data were obtained in two independent experiments.
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Fig. 4. rPyMIF immunization modulated number of CD11b+ cells in the spleen during Py17XL
infection
BALB/c mice were immunized and challenged with Py17XL parasites as described in the
Fig. 3 legend. At days 0, 3, 5, and 7 after challenge, spleens were harvested from three mice
for each group. The splenocytes per spleen were counted and stained with various surface
makers. a) Means and SEMs of numbers of splenocytes per spleen are shown. There was a
significant difference between the two groups (p = 0.0170, unpaired t-test) at day 3. b)
Means and SEMs of percentage of CD11b+ cells in total splenocytes are shown. There was a
significant difference between the two groups (p < 0.0001, unpaired t-test) at days 3, 5, and
7. Similar data were obtained in two independent experiments.
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Fig.5. rPyMIF immunization recruited activated-monocytes to the spleen during Py17XL
infection
a) Gating profiles of CD11b+Ly6C+, CD11b+CD40+, CD11b+CD80+ cells in mouse spleen
are shown. b) Means and SEMs of the percentage of CD11b+Ly6C+, CD11b+CD40+,
CD11b+CD80+ cells in splenocytes at day 3 after challenge are shown. There was a
significant difference between the groups immunized with rPYMIF and the trxA controls (p
< 0.05, unpaired t-test). c) Gating profile of CD54+ population is shown. The curve with
dark line represents the rPyMIF immunized group, and the lighter line represents the trxA
immunized group. d) Means and SEMs of the percentage of CD54+ cells in CD11b+ cells at
day 3 after challenge are shown. There was a significant difference between the rPyMIF
immunized group and the trxA immunized group (p = 0.0121, unpaired t-test).
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