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Plasmodium yoelii surface-related antigen (PySRA) modulates 
the host pro-inflammatory responses via binding to CD68 on 
macrophage membrane
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ABSTRACT Malaria, one of the major infectious diseases in the world, is caused by the 
Plasmodium parasite. Plasmodium antigens could modulate the inflammatory response 
by binding to macrophage membrane receptors. As an export protein on the infected 
erythrocyte membrane, Plasmodium surface-related antigen (SRA) participates in the 
erythrocyte invasion and regulates the immune response of the host. This study found 
that the F2 segment of P. yoelii SRA activated downstream MAPK and NF-κB signaling 
pathways by binding to CD68 on the surface of the macrophage membrane and 
regulating the inflammatory response. The anti-PySRA-F2 antibody can protect mice 
against P. yoelii, and the pro-inflammatory responses such as IL-1β, TNF-α, and IL-6 after 
infection with P. yoelii are attenuated. These findings will be helpful for understanding 
the involvement of the pathogenic mechanism of malaria with the exported protein SRA.

KEYWORDS Plasmodium yoelii, surface-related antigen, macrophage, inflammatory 
response, CD68

M alaria is an important mosquito-borne disease that seriously endangers human 
life and health. In 2021, global reports indicate that nearly 247 million malaria 

cases caused 619,000 deaths (1). Malaria is a highly complex disease with a variety of 
pathologic manifestations. In the early stages of infection, most patients showed general 
symptoms such as fever, sweat, and headache. Meanwhile, the symptoms of cerebral 
malaria, severe anemia, and respiratory distress occurred with the increase in parasites 
during the erythrocytic stage, leading to severe malaria (2–4).

The pathogenic mechanisms of malaria mainly include microvascular obstruction, 
erythrocyte destruction, and an inflammatory response (5, 6). Systemic inflammation is 
an important feature of malaria, and the innate immune response plays a crucial role in 
protective immunity and the pathogenic mechanism of Plasmodium (7, 8). Importantly, 
serving as a pro-inflammatory inducer, exported protein on the infected erythrocyte 
surface, the malarial hemozoin, glycosylphosphatidylinositol, or DNA complexes of 
parasites could bind host cell surface receptors or pattern recognition receptors, such as 
Toll-like receptors, regulating host inflammation (2, 9, 10). The Plasmodium-host immune 
cell interaction will activate cell-associated signaling pathways to produce high levels of 
pro-inflammatory factors, including tumor necrosis factor (TNF) and interferon-γ (IFN-γ). 
The pro-inflammatory factors could damage endothelial cells and destroy blood vessel 
walls by mediating the isolation of plasmodium, leading to the exudation of vascular 
contents and the occurrence of local tissue inflammation (11). Additionally, excessive 
secretion of pro-inflammatory factors will further interfere with erythrocyte production 
and aggravate host anemia (12, 13).

Meanwhile, the host immune system also promoted the secretion of pro-inflamma-
tory factors such as IL-1β, IL-6, TNF, and IL-12 by transforming effector cells to eliminate 
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plasmodium, inhibit parasite development, and secrete transforming-growth factor-β 
(TGF-β), IL-10, and other balanced anti-inflammatory factors (2, 14, 15).However, the 
immune response of the host is maladjusted, and the pro-inflammatory response is 
over-upregulated, which leads to the dysfunction of the host cardiovascular or coagula­
tion system as well as systemic and organ-related diseases. An excessive inflammatory 
response is closely related to severe malaria and patient death (2, 11, 16). However, the 
mechanism of the host pro-inflammatory response caused by the plasmodium proteins 
remains poorly understood.

The spleen is an important immune and hematopoietic organ that can selectively 
filter and remove abnormal, aged, or damaged erythrocytes and pathogens (6). The 
spleen enhances host antigen-specific responses via phagocytosis of infected erythro­
cytes and parasite components via antigen-presenting cells (6, 17, 18). Macrophages 
from the host spleen mediate phagocytic activity and cytokine production during the 
erythrocytic stage by interacting with parasite antigens on the surface of infected 
erythrocytes; thus, this process is an essential part of the host innate immune system 
(19).

P. falciparum surface-related antigen (SRA) is located on the surface of merozoites and 
gametocytes, exported to the surface of infected erythrocyte membranes, and further 
bound to human erythrocytes (20). Studies have shown that the N-terminal-specific 
antibody of PfSRA could effectively inhibit the invasion of merozoite into erythrocytes 
(21). The SRA protein is regarded as a potential candidate antigen for the malaria vaccine 
because the N-terminal of PfSRA is highly conserved by gene polymorphism analysis 
(22). In addition, PvSRA could interact with Integrin β1 (ITGB1) on the surface of human 
splenic fibroblasts (HSFs), participating in the regulation of immune responses (23). 
However, the functional properties of SRA cannot be verified in vivo due to moral and 
ethical constraints. P. yoelii has been widely studied due to its biological similarity to 
P. falciparum and P. vivax. As the homologous protein of PfSRA and PvSRA, PySRA has 
a high degree of homology, indicating the potential role of PySRA in regulating the 
host immune response. Therefore, a mouse model of P. yoelii infection was used to 
characterize the functional properties of SRA and explore the pathogenic mechanism of 
Plasmodium.

RESULTS

Schematic of the primary structure, expression, and purification of PySRA

Due to the large molecular weight of PySRA protein (encoded by PYYM_1014900) , which 
consists of 871 amino acids (aa), it is difficult to express in the Escherichia coli system. 
Furthermore, the N-terminal and C-terminal signal peptides and transmembrane region 
of PySRA may not be correctly recognized and folded by the E. coli system. Therefore, 
during gene amplification, these two structural domains were removed. Based on its 
structural characteristics and homology comparison with PfSRA fragments (encoded 
by PF3D7_1431400) (20, 21), three segments of PySRA were selected and successfully 
expressed. The PySRA protein contains a signal peptide (aa 1–24) and a transmembrane 
domain (aa 853–871). The codon-optimized PySRA gene, which has a flag tag at the 
3′ end, was cloned into the pET30a vector for histidine (His)-tagged recombinant 
protein expression in E. coli (Fig. 1A). The results from the SDS–PAGE and Western 
blot showed that the recombinant PySRA-F1 (aa 24–298), PySRA-F2 (aa 299–548), and 
PySRA-F3 (aa 705–852) proteins with His-tag were successfully expressed and migrated 
at approximately 56, 52, and 38 kDa, respectively, under reducing conditions confirmed 
by SDS-PAGE and immunoblot using an anti-His antibody (Fig. 1B).

Anti-PySRA-F2 antibody had a protective effect on mice against P. yoelii 17XL

The corresponding recombinants were recognized using mouse sera (1:1,000) after 
immunizing mice with the recombinant PySRA fragments (Fig. 2A). The titers of specific 
IgG in the protein-immunized mice sera were then detected by enzyme-linked 
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immunosorbent assay (ELISA). Detection results revealed that PySRA-F1, PySRA-F2, and 
PySRA-F3 induced a high immune response in mice with endpoint titers ranging from 
1:10,000 to 1:5,120,000 (Fig. 2B), which indicated that the mice model containing anti-
PySRA antibody was successfully constructed.

The mice were then infected with P.y 17XL on day 7 after immunization. Parasitemia 
and the health status of the mice were observed daily. The results showed that the 
parasitemia of mice immunized with PySRA-F2 was at a continuously low level, and 
undetected parasite growth was observed in the surviving mice on day 21 after infection. 
The parasitemia of mice in PySRA-F1, PySRA-F3, the PBS immunized group, and the P.y 
17XL control group continued to rise to approximately 80% (Fig. 2C). In addition, the 
survival rate of mice in the PySRA-F2 immunized group was significantly improved, 
reaching 66.67%. Meanwhile, all mice in the four other groups died around 9–13 days 
after infection (Fig. 2D), and only the PySRA-F2-immunized group gained weight slowly, 
while the other immunized groups lost weight (Fig. S1A), which proved that the antibody 
induced by PySRA-F2 in mice had a protective effect on the host. Compared with the 
uninfected mice, the boundary between the red and white pulps of spleen was unclear 
and hemozoin was observed (indicated by the red arrow) in P.y 17XL-infected mice and 
the PBS and PySRA-F1 immunized groups; although boundary between the red and 
white pulps of the spleen of PySRA-F3 immunized groups was able to be seen, a large 
amount of hemozoin was found. Particularly, the boundary was defined in the mice 
immunized with the recombinant protein PySRA-F2, indicating that the spleen structure 
of mice in this group was complete (Fig. 2E; Fig. S2).

PySRA regulated the host pro-inflammatory response and induced macro­
phage apoptosis

The PySRA-F2 immunized group at the later stage of infection invaded reticulocytes 
dominantly, while parasites from the four other groups continued to invade mature 

FIG 1 Schematic diagram and polymerase chain reaction (PCR) amplification of PySRA fragments. (A) Schematic diagram of PySRA. The PySRA protein contains 

871 aa with a predicted signal peptide (1–24 aa) and a transmembrane domain (853–871 aa). PySRA-F1 fragment (25–298 aa), PySRA-F2 fragment (299–548 aa), 

and PySRA-F3 fragment (705–852 aa) were constructed for expression. (B) The recombinant protein purification by Coomassie blue-stained SDS-PAGE gels(right) 

and SDS-PAGE(left) was verified. Recombinant PySRA-F1 (~56 kDa), PySRA-F2 (~52 kDa), and PySRA-F3 (~38 kDa). M: Protein marker.
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erythrocytes (Fig. S1B and C). In addition, a wealth of immune cells only appeared in the 
blood of mice immunized with PySRA-F2 protein rather than the four other groups, 
suggesting that protective effects in PySRA-F2 immunized mice are likely due to 
modulation of key host immune responses (Fig. S1B). In view of the inflammatory 
response as an important part of host immune regulation during Plasmodium infection, 
serums were collected in each group of mice. The results showed that the levels of IL-1β, 
TNF-α, and IL-6 in the sera of mice infected with P.y 17XL were significantly increased, and 
the level of pro-inflammatory factors was inhibited when the mice obtained anti-PySRA-
F2 antibodies (Fig. 3A through C).

Macrophages play an important role in the inflammatory response. Therefore, 
whether PySRA mediates the mechanism of the inflammatory response by modulating 
macrophages was further explored. In vitro cell experiments were conducted for 
verification. Results showed that after PySRA-F1, PySRA-F2, and PySRA-F3 treated 
RAW264.7 cells, the cell morphology was fusiform and extended pseudopodia, while the 

FIG 2 Anti-PySRA-F2 antibody had protective effect on mice infected with P.y 17XL. (A) The recombinant PySRA could be specifically recognized by the sera of 

mice immunized with PySRA. M: Protein marker. (B) Detection of antibody titer in serum of mice immunized with recombinant PySRA protein. (C) The parasitemia 

of immunized mice infected with P.y 17XL. (D) The percent survival of immunized mice infected with P.y 17XL. (E) HE staining results of mice spleen infected with 

P.y 17XL. The red arrow indicates malarial hemozoin (Scale bars: top, 200 µm; mid, 100 µm; bottom, 20 µm).
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negative control indicated the absence of activation-related morphological changes. 
Flow cytometry results showed that the cell-surface marker CD80 was significantly 
increased in the LPS (positive control), PySRA-F1, PySRA-F2, and PySRA-F3 groups. The 
average fluorescence intensity was statistically significant compared with the negative 
control group (P < 0.05) (Fig. 3D). However, the PySRA-F2 group was more significant 
compared to the PySRA-F1 and PySRA-F3 groups (P < 0.05). The results indicated that 
PySRA could activate and promote M1 polarization in RAW264.7 cells. PySRA-F1 and 
PySRA-F3 promote NO secretion by macrophages, and PySRA-F2 enhances NO secretion 
by macrophages in a dose-dependent manner. With LPS as the positive control, the 
PySRA-F1/2/3 group was compared to the blank control (BC) group, and the difference 

FIG 3 PySRA-F2 regulates macrophage-mediated inflammatory responses. (A) The IL-1β pro-inflammatory factor in mice sera was detected by ELISA (*P < 0.05; 

ns, no significance). (B) The TNF-α pro-inflammatory factor in mice sera was detected by ELISA (*P < 0.05; ns, no significance). (C) The IL-6 pro-inflammatory factor 

in mice sera was detected by ELISA (*P < 0.05; ns, no significance). (D) PySRA-F2 induced M1 RAW264.7 cells polarization (***P < 0.001). (E) NO secretion from 

RAW264.7 cells was promoted by PySRA-F2 (**P < 0.01; ***P < 0.001; ns, no significance). (F) PySRA-F2 promoted the mRNA expression of NO in RAW264.7 cells 

(***P < 0.001). (G) IL-1β transcription levels after PySRA-F2 action on RAW264.7 macrophages (***P < 0.001). (H) TNF-α transcription levels after PySRA-F2 action 

on RAW264.7 macrophages (***P < 0.001). (I) IL-6 transcription levels after PySRA-F2 action on RAW264.7 macrophages (***P < 0.001). One-way ANOVA was used 

for the comparison of multiple groups of samples, and then the SNK test was used for pound-for-pair comparison.
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was statistically significant (P < 0.05) (Fig. 3E). The mRNA level of iNOS was also signifi-
cantly increased (P < 0.05) (Fig. 3F).

PySRA is an exported protein and has a theoretical basis for interacting with host 
cells. Therefore, whether PySRA could bind to macrophages was first analyzed. Flow 
cytometry results showed that PySRA-F2 could effectively bind to RAW264.7 cells, and 
the average fluorescence intensity was significantly higher than that of the control 
group (P < 0.05), indicating that the F2 segment is an important part of PySRA in the 
interaction with RAW264.7 cells (Fig. 4A). Western blot analysis results further proved 
that PySRA-F2 was bound to RAW264.7 in a dose-dependent manner (Fig. 4D). This 
suggests to us that PySRA-F2 is the main fragment of PySRA protein that interacts with 
macrophages and exerts its functions. Further studies have shown that the transcription 
levels of inflammatory cytokines IL-1β, TNF-α, and IL-6 were significantly increased (P < 
0.05) (Fig. 4C through E). NF-κB and MAPK are important pathways of pro-inflammatory 
cytokines secreted by macrophages. The phosphorylation of p65, ERK, and p38 proteins 
significantly increased based on Western blot analysis (P < 0.05) (Fig. 4F and G), which 
indicated PySRA-F2 could activate the NF-κB and MAPK signaling pathways in RAW264.7 
cells.

The effect of PySRA protein on macrophage activity was further detected using the 
CCK-8 kit. Compared with the LPS group, the viabilities of RAW264.7 cells were signifi-
cantly decreased in the PySRA-F2 group (P < 0.05) in a dose-dependent manner (Fig. 
S1D). The proportion of macrophage apoptosis gradually increased with the duration of 
PySRA-F2 treatment via flow cytometry, while that of apoptotic cells was maximized at 
24 h of stimulation (P < 0.05). The results indicated that the PySRA-F2 protein induced 
macrophage apoptosis (Fig. S1E).

PySRA-F2 bound to CD68 on the membrane of macrophages

The pulldown assay and silver staining were then used to screen out macrophage cell 
membrane receptors that could bind to PySRA. PySRA-F2 recombinant protein with His 
label was fixed to Ni-NTA resin, and the binding protein then captured RAW264.7 cell 
membrane protein. Macrophage cell membrane proteins were extracted for SDS–PAGE 
and silver staining. Compared with PySRA-F2 pure protein and RAW264.7 cell membrane 
protein, four distinct bands were screened out in lane 2 of F2, thereby stimulating 
the macrophages (Fig. 5A). The differential protein bands were excised from the gels 
for in-gel digestion and LC-MS detection. Peptides that were identified include CD68, 
CKAP4, Ras GTPase-activating-like protein IQGAP1, and sodium/potassium-transporting 
ATPase subunit alpha-1 (Table 1). Among them, CD68 and CKAP4 were the two proteins 
with the highest number of unique peptides identified.

CKAP4 and CD68 were cloned, expressed, and purified with a GST tag (Fig. 5B). 
Strong interactions could be observed between GST-CD68 and PySRA through the 
GST pulldown assay, while GST and GST CKAP4 were not bound to PySRA. These data 
indicated that CD68 is the core region of RAW264.7 bound to PySRA (Fig. 5C).

Serum was obtained and purified to acquire polyclonal rabbit antibodies after 
immunizing rabbits with CD68 protein. Western blot results showed that CD68 
polyclonal antibody could specifically recognize the target protein of CD68, and no 
serum reactivity was observed before immunization, suggesting that CD68 protein 
induced specific antibody production in the reaction of animals and formed specific 
antibodies (Fig. S1F). The rPySRA-F2 protein was added and incubated after the 
RAW264.7 cells were treated with different concentrations of anti-CD68 antibodies. 
The results showed that the binding of rPySRA-F2 to macrophages was weakened 
when RAW264.7 cells were treated with a 1:100 dilution of anti-CD68 antibody and 
displayed minimum efficiency at a 1:20 dilution (Fig. 5D). RAW264.7 cells were treated 
with anti-CD68 antibody diluted at 1:20 and incubated with rPySRA-F2 protein for 
15 min. Western blot results showed that after CD68 antibody weakened the binding 
of PySRA to macrophages, the phosphorylation levels of p38, ERK, and p65 proteins were 
significantly downregulated in the MAPK and NF-κB signaling pathways (P < 0.05) (Fig. 
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5E). In addition, compared with group BC, the PySRA-F2 inducing the secretion of IL-1β, 
IL-6, and TNF-α in macrophages was significantly upregulated (P < 0.05). The secretion 
of IL-1β and IL-6 was attenuated when anti-CD68 antibodies blocked the RAW264.7 
macrophage surface receptor (Fig. 5F through H). This finding suggested that PySRA 
enhanced the inflammatory response of macrophages through the CD68 molecule.

FIG 4 PySRA-F2 binds to RAW264.7 cells. (A) The binding ability of PySRA-F2 and RAW264.7 cells by Flow cytometry (**P < 0.01; ns, no significance). (B) The 

binding ability of PySRA-F2 and RAW264.7 cells by Western blot. (C) NF-κB and MAPK signaling pathways in RAW264.7 cells were activated by PySRA-F2. M: 

Protein marker. (D) Statistical analysis of p65, ERK, and p38 protein phosphorylation in macrophages after 15 min stimulation (*P < 0.05; ***P < 0.001). One-way 

ANOVA was used for the comparison of multiple groups of samples, and then the SNK test was used for pound-for-pair comparison.
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PySRA and PySRA-f2 could not be knocked out

The construction of the knockout strain was planned to further determine the role of 
PySRA in the murine malaria model in vivo. The schematic of the PySRA gene knockout 
plasmid was shown in Fig. S2A. The left and right homologous arms were designed 
to be left and right homologous on the pYCm vector, respectively, and the sequence 
between the arm restriction sites was used as the in-sequence to replace the PySRA or 
PySRA-F2 target gene sequence. The right and left homologous arms of the PySRA or 
PySRA-F2 knockout plasmid were successfully amplified, and gene knockout plasmids 
were effectively constructed (Fig. S3B). The successfully constructed knockout plasmids 
were electrocuted to the purified P.y 17XL schizont phase and then infected with new ICR 
mice. Afterward, these mice were treated with pyrimethamine after initial observation 

FIG 5 CD68 blockade reduces pro-inflammatory responses. (A) To screen the RAW264.7 cell membrane proteins binding to PySRA by Silver staining. 1: 

Recombinant PySRA-F2 purified protein. 2: The first 200 mM imidazole eluent. 3: The second 200 mM imidazole eluent. 4: RAW264.7 cell membrane proteins. 

(The red arrows point to bands with differences.) (B) The recombinant protein purification by SDS-PAGE was verified. Recombinant protein of CKAP4 (~38 kDa), 

and CD68 (~41 kDa). M: Protein marker. (C) PySRA-F2 binds to CD68 molecule in the macrophage membrane protein. (D) The CD68 antibody attenuated the 

binding of PySRA to macrophages (**P < 0.01). (E) The CD68 antibody attenuated the activization of MAPK and NF-κB signaling pathways (*P < 0.05; **P < 0.01). 

(F) Anti-CD68 antibody attenuated the level of IL-1β secretion of RAW264.7 cells regulated by PySRA-F2 (*P < 0.05; **P < 0.01). (G) Anti-CD68 antibody attenuated 

the level of IL-6 secretion of RAW264.7 cells regulated by PySRA-F2 (*P < 0.05; **P < 0.01; ***P < 0.001). (H) Anti-CD68 antibody attenuated the level of TNF-α 

secretion of RAW264.7 cells regulated by PySRA-F2 (*P < 0.05; **P < 0.01; ns, no significance). One-way ANOVA was used for the comparison of multiple groups of 

samples, and then the SNK test was used for pound-for-pair comparison.
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of Plasmodium. However, no resistant strains grew in the mice with the addition of 
pyrimethamine, confirming that the PySRA full-length and PySRA-F2 genes could not be 
knocked out (Fig. S3C).

DISCUSSION

The interaction between the plasmodium and the host cells leads to dysregulation of the 
host immune response (2, 11). The inflammatory response is over-upregulated, which, 
in turn, leads to dysfunction of the host cardiovascular or clotting system and systemic 
and organ dysfunction; excessive inflammatory response is also closely associated with 
severe malaria and patient death (10, 17, 24). This study found that PySRA could bind 
to macrophages through the CD68 molecule, activating downstream MAPK and NF-κB 
signaling pathways and thereby promoting the release of pro-inflammatory factors and 
aggravating plasmodium infection (Fig. 2). It is also possible that the anti-PYSRA antibody 
limits Plasmodium invasion of erythrocytes and reduces parasitemia, but the validation 
of the binding site of SRA protein to the erythrocyte membrane and further animal 
experiments are needed to verify the possibility of this conjecture, and from the results 
of the current experiments, it is possible that the anti-PYSRA antibody prevents PYsra 
from binding to CD68, which reduces the inflammation and alters the outcome of 
infection in the mice. These results confirm that PySRA is involved in the regulation of 
host inflammatory responses, which provides a new basis for SRA protein as a candidate 
antigen for malaria vaccines.

Three PySRA fragments were expressed in accordance with their structural character­
istics and homology comparison with PfSRA. The corresponding recombinant proteins 
were recognized in the serum of mice after their immunization with the recombinant 
protein, indicating that specific antibodies were obtained in mice. In the PySRA-F2 
immunized group, mice had a low level of parasitemia, and their survival rate was 
significantly improved. The spleen has three structures: red pulp, white pulp, and 
marginal region (18). The white pulp comprises immune cells, and the red pulp accounts 
for 75% of the spleen volume containing fibroblasts and macrophages, which is a 
microenvironment suitable for accomplishing multiple functions (20–22). The spleen 
structure of PySRA-F2 immunized mice was intact, which was helpful for clearing the 
infected erythrocytes and activating the host immune response (Fig. 2). The infected 
erythrocytes were mechanically isolated, whereas immune cells in the spleen clear the 
parasite via phagocytosis and upregulation of the antigen-processing machinery and 
molecules such as MHC class II, CD80 (18, 25, 26). Reports indicated that the clearance 
rate of infected erythrocytes was significantly reduced in P. falciparum malaria patients 
and rodents after splenectomy (27–30). Compared with patients with normal splenic 
function, those with splenectomy have a slower rate of malaria parasite clearance and a 
longer duration of infected erythrocytes in the blood circulation after drug treatment 
(27–29). The number of immune cells in the blood of PySRA-F2 immunized mice 
increased, and the pro-inflammatory response was alleviated. These results indicated 
the protective effect of the anti-PySRA-F2 antibody on mice infected with P. yoelii (Fig. 3).

TABLE 1 Identification of RAW264.7 membrane proteins binding to PySRA-F2in digested bands excised 
from the silver-stained gel by LC-MS

No. Protein Accession 
number

Coverage (%) Mol.wt（kDa） Unique 
peptides

1 Macrosialin（CD68） P31996 6 34.8 7
2 Cytoskeleton-associated 

protein 4 (CKAP4)
Q8BMK4 7 63.7 3

3 Ras GTPase-activating-like 
protein IQGAP1

Q9JKF1 5 188.6 2

4 Sodium/potassium-trans­
porting ATPase subunit 
alpha-1

Q8VDN2 3 112.9 2
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The innate immune system of the host induces macrophages after infection with 
Plasmodium to secrete pro-inflammatory agents and chemokines to eliminate par­
asites. However, parasite–host interactions lead to immune response dysregulation 
and excessive inflammatory responses, which, in turn, promote the rapid growth of 
Plasmodium (31, 32). In severe malaria patients, the inflammatory response is unbal­
anced, demonstrating hypersecretion of pro-inflammatory factors and decreased levels 
of anti-inflammatory factors (11). Consequently, a systemic inflammatory response is 
triggered, leading to symptoms such as anemia, metabolic acidosis, and multiple 
organ failure (6). Therefore, inflammation is the core event of malaria-related syn­
drome, and identifying its mechanism is helpful for the diagnosis and treatment 
of malaria. Macrophages are important sources of pro-inflammatory factors in the 
inflammatory response, and Plasmodium interacts with macrophages and initiates 
cytogenesis. Therefore, elucidation of host protective and pathological inflammatory 
response balance factors can help design targeted regulation of macrophages and 
therapeutic approaches to cellular function (19). This study confirmed that PySRA-F2 
can promote macrophages to the pro-inflammatory M1-type pole to facilitate their 
activation, which induces the production of pro-inflammatory cytokines. The testing 
level results for pro-inflammatory factors revealed that the PySRA-F2 protein upregula­
ted the transcription of iNOS, IL-1β, IL-6, and TNF-α cytokines in macrophages. This 
upregulation confirmed that PySRA-F2 promotes macrophage-mediated inflammatory 
responses.

The MAPK and NF-κB pathways play important roles in regulating the inflammatory 
response (33), especially for the secretion of pro-inflammatory factors in macrophages 
(11). Macrophages are involved in regulating inflammation during Plasmodium infection 
by interacting with infected erythrocytes. The obtained data showed that the incubation 
of RAW 264.7 macrophages with PySRA-F2 resulted in a reduction of macrophages, while 
the NF-κB and MAPK signaling pathways were activated with the negative PySRA-F2 
concentration. This phenomenon leads to an imbalance in the immune function of hosts. 
The imbalance of the inflammatory response was reported in severe malaria patients 
(11), which leads to systemic inflammation and tissue damage in the host (34).

The exported protein PySRA provides the theoretical basis for Plasmodium–host 
cell interaction. After co-incubation with RAW264.7 macrophages, only PySRA-F2 was 
found to bind to macrophages, and the binding efficiency displayed a dose-dependent 
relationship with the rPySRA-F2 protein (Fig. 4). CD68, which is one of the glycosylated 
membrane proteins, is highly expressed in mouse macrophages and regulates macro­
phage phagocytosis, including intracellular lysosome metabolism as well as cell–cell 
and cell–pathogen interactions (35, 36). Results also showed that the P38 peptide 
of sporozoite binds to the CD68 receptor in Kupffer cells, and the invasion rate was 
significantly reduced in CD68(−/−) mice (36). After blocking the macrophage surface 
receptor with the CD68 antibody, the PySRA effectively weakened the binding of 
macrophages and downregulated the phosphorylation levels of ERK, p38, and p65 
proteins in the MAPK and NF-κB pathways, as well as the levels of IL-1β and IL-6 
significantly reduced (Fig. 5). The PySRA protein is assumed to interact with macrophages 
through the CD68 receptor and further activates MAPK and NF-κB pathways, which are 
involved in regulating macrophage-mediated inflammatory responses.

The proposed CRISPR/Cas9 gene editing technique was used to screen the PySRA 
knockout strain in vivo to further explore the specific regulation mechanism of PySRA on 
the host inflammatory response. The CRISPR/Cas9 technique comprises Cas9 endonu­
clease and guides RNA (gRNA), which helps Cas9 achieve specific recognition and 
cleavage of target sequence sites (37–39). In this study, no resistant strains were 
found after electroconversion and pyrimethamine screening. Several repeated sgRNA 
experiments were designed. However, the full length and each fragment of the PySRA 
gene could not be knocked out, which indicated that PySRA was essential for parasite 
growth and, thus could not be knocked out (Fig. S2).
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Overall, the study identified that the PySRA-F2 segment is a crucial functional 
segment of PySRA. PySRA-F2 may activate MAPK and NF-κB signaling pathways by 
binding to the CD68 molecule on the surface of the macrophage cell membrane and 
regulating pro-inflammatory responses. The PySRA-F2 antibody has a protective effect 
on mice infected with P. yoelii 17XL. The RAW264.7 macrophages used in this experiment 
were from a single cell line, and further validation is needed for primary cells, and the 
functional properties of SRA from human plasmodium falciparum and vivax could be 
further verified.

MATERIALS AND METHODS

Expression and purification of recombinant PySRA

The nucleotide sequence encoding the full-length of pysra was obtained from the 
PlasmoDB website (PYYM_1014900), synthesized by TianLin Biotech (Wuxi) with codon 
optimization for expression in E. coli system, and cloned into the pET30a vector. 
The pysra-F1, pysra-F2, and pysra-F3 fragments were amplified by polymerase chain 
reaction (PCR) from the full-length gene, and the PCR products were purified by 2% 
agarose gel electrophoresis and cloned into a pET32a vector (Primer sequences in Table 
S1). Recombinant plasmids of pysra were transformed into E. coli BL21 (DE3) pLysS 
cells (TransGen Biotech) and then grown in Luria Bertani broth containing ampicillin 
(50 µg/mL) at 37°C for 12 h. The culture was induced by 0.1 mM isopropyl β-D-1-thioga­
lactopyranoside (IPTG; TransGen Biotech) when the optical density at 600 nm (OD600) 
reached 0.4–0.6 and was allowed to grow for another 8 h at 37°C. Finally, the protein was 
purified by TianLin Biotech (Wuxi).

Immunization and infection of mice

Thirty 6-week-old female BALB/c mice (Cavens) were randomly divided into five groups 
(six mice per group). Mice in experimental groups were immunized with PySRA-F1, 
PySRA-F2, and PySRA-F3 recombinant protein, respectively. Then, 50 µg of PySRA protein 
in PBS (Total 100 µL) was emulsified with 100 µL complete Freund’s adjuvant (CFA; Sigma) 
at a volume ratio of 1:1 with a total volume of 200 µL in the prime boost. The mixture was 
intraperitoneally injected into the mice. Additionally, 50 µg of PySRA protein in PBS (Total 
100 µL) was emulsified with 100 µL incomplete Freund’s adjuvant (IFA; Sigma) and was 
administered on days 21 and 42 post-immunization to boost the immunization. Control 
mice were immunized with CFA/IFA in emulsification with PBS. On the 7th day after the 
last immunization, serum was prepared from 50 µL of tail blood from each immunized 
mouse. And the tail blood of mice infected with P. yoelii 17XL was collected in PBS, and 
the tail blood was used to prepare blood smear. After Jimsa staining, the parasitemia 
was observed and calculated under the microscope. Red cell suspension was prepared 
according to the number of red blood cells and parasitemia. After infection, the status of 
mice was observed every day to analyze the survival rate of mice. At the same time, tail 
blood of mice was taken to prepare blood smear for Jimsa staining, and parasitemia of 
mice was observed and calculated under the microscope. P. yoelii 17XL were maintained 
in our laboratory.

To ensure viability of the parasites, we thawed a frozen aliquot and inected it 
intraperitoneally into a transfer Balb/c mice (Cavens), before using them for infection 
of experimental mice. Experimental mice were infected with 1 × 105 P. yoelii-parasitized 
RBCs by intraperitoneally(i.p.) injection on day 0. On the 5th day post-infection with P. 
yoelii, the mice were anesthetized with 20% ethyl carbamate (Macklin, China) solution by 
intraperitoneal injection. Blood was collected from the eyeball of the mice and transfer­
red to 1.5  mL microcentrifuge tube and at room temperature for a duration of 30 min, 
followed by centrifugation at 2,000 × × g for 10 min. The upper layer of serum was then 
carefully aspirated and transferred into a new 1.5-mL microcentrifuge tube, properly 
labeled, and stored at a temperature of −80°C in a refrigerator. Following euthanasia, 
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the spleen was harvested from mice and placed into 4% paraformaldehyde (Meilunbio, 
China) for over 24 h.

To generate rabbit anti-PySRA-F1/F2/F3 antisera and rabbit anti-CD68 antisera, one 
female New Zealand white rabbit (2 months old) was injected intramuscularly with 
500 µg of PySRA-F1/F2/F3 protein or CD68 protein mixed in Freund’s complete adjuvant, 
followed by two boost injections with 500 µg of PySRA-F1/F2/F3 or CD68 mixed in 
Freund’s incomplete adjuvant at 4 weeks intervals. The prime and the final boosts were 
given by intramuscular injection and intravenous injection, respectively. Antisera was 
collected 2 weeks after the final boost. Among the above experiments, the production of 
rabbit antisera was carried out by YouLong Biotech.

Enzyme-linked immunosorbent assay

One hundred nanogram of recombinant protein was dissolved in ELISA coating solution 
(Na2CO3 and NaHCO3, pH 9.6) and then coated with ELISA plate for overnight at 4°C. 
After the ELISA plate abandons the coated liquid, added 200 µL washing liquid (1 × 
TBST) to each well for three times, and then add 200 µL blocking solution (BSA in 
washing liquid) at room temperature for 2 h. The obtained immunized mouse serum was 
continuously diluted with ELISA diluent (BSA in washing liquid) (1:10,000 ~ 1:5,120,000). 
ELISA plates were washed with washing solution for three times, and 100 µL diluted 
serum was added to each well and placed in the chamber for 1.5 h. Goat anti-mouse 
HRP-IgG was diluted by ELISA diluent at 1:5,000 and was added into ELISA plates at room 
temperature for 1.5 h. After washing ELISA plate for three times, add 100 µL 1 × TMB 
solution to each well for color development at room temperature, and away from light 
for 3 min, ELISA stop solution 50 µL was added to each well immediately to stop the 
reaction for 2 min. After that, the OD450 value was read by enzyme label analyzer.

Hematoxylin and eosin staining

Mouse spleen samples were fixed in 4% paraformaldehyde (Meilunbio, China) overnight. 
Fixed mouse spleens were placed in the embedding box and rinsed with running water 
for 1 h. Buried box successively were dehydrated in 70%, 85%, and 95% ethanol for 
60 min and then transferred to anhydrous ethanol for 30 min twice. The embedding box 
was transferred to xylene and soaked twice for 15 min each time. The treated embedding 
box was immersed in melted paraffin wax for three times. Then, adjusted the position 
of the tissue in the embedding box and placed it in the mold. Carefully added melted 
paraffin and placed it in the cooling table. Section thickness was set to 4 µm, and the 
cooled paraffin tissue blocks were fixed and then sliced. The complete slices were put 
into the bleach machine to stretch them, and the slides were picked up and placed 
in the oven to dry. Dewaxed the slices twice in xylene, and the slices were soaked in 
anhydrous ethanol, 90% ethanol, 70% ethanol, and then distilled wash in water, ddH2O 
was rinsed after hematoxylin staining. The sections were soaked in 1% hydrochloric 
alcohol and rinsed with ddH2O until the sections turned blue. Then, eosin was dyed 
for 1 min and rinsed with ddH2O. Dehydrated in anhydrous ethanol, 95%, 75%, and 
50% gradient ethanol, and then transparent in xylene. The neutral gum was sealed and 
observed under microscope.

SDS-PAGE and western blot

Purified recombinant proteins were mixed with 5 × SDS reducing loading buffer and 
boiled for 8 min at 100°C and then resolved on 10%–12% SDS-PAGE followed by 
Coomassie brilliant blue staining (Beyotime) . For Western blot analysis, Proteins were 
sampled in 25 µg volumes. The proteins were separated by SDS-PAGE and transferred 
onto polyvinylidene difluoride membranes (Immobilon). Membranes were blocked with 
5% skim milk in Tris-buffered saline containing Tween-20 (TBST) for 2 h at room 
temperature, the polyvinylidene difluoride membranes were incubated with primary 
antibodies overnight at 4°C and then with a horseradish peroxidase-labeled goat 
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anti-mouse or anti-rabbit IgG antibody (SouthernBiotech) for 1.5 h at RT. After wash­
ing the membrane thrice with TBST, enhanced chemiluminescence (ECL, NCM biotech, 
Suzhou, China) was used to visualize the bands. The experiment was repeated three 
times, and the chemiluminescent signal was detected by the gel-imaging analysis 
system (Bio-Rad ChemiDoc MP) and analyzed by Image J software (Bio-Rad Chemi­
Doc). The following primary antibodies were used: mouse anti-His antibody (ABclonal), 
rabbit anti-GST antibody (1:2,000, Proteintech), rabbit anti-Flag antibody (Proteintech), 
rabbit anti-p65 antibody (1:1,000, Cell Signaling Technology), rabbit anti-p-p65 antibody 
(1:1,000, Cell Signaling Technology), rabbit anti-p38 antibody (1:1,000, Cell Signaling 
Technology), rabbit anti-p-p38 antibody (1:1,000, Cell Signaling Technology), rabbit 
anti-ERK antibody (1:1,000, Cell Signaling Technology), rabbit anti-p-ERK antibody 
(1:1,000, Cell Signaling Technology), rabbit anti-PySRA-F1/F2/F3 antisera, and rabbit 
anti-CD68 antisera (YouLong Biotech).

Co-affinity purification and LC-MS analysis

Purified His-PySRA-F2 tag protein was used for the co-affinity purification of binding 
proteins from the RAW264.7 membrane. The RAW264.7 membrane protein was prepared 
according to cell membrane protein extraction kit (Thermo Fisher Scientific). His-PySRA-
F2 protein was incubated with 500 µL equilibrated HisPur Ni-NTA Resin (QIAGEN) for 
3 h at 4°C with rotation, followed by washing three times with 200 µL wash buffer 
(50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). RAW264.7 membrane 
proteins (500 µg) were added and incubated with the resin bound to His-PySRA-F2 
protein overnight at 4°C. After washing the resin with 500 µL wash buffer to remove 
the unbound proteins, the bound complexes were eluted using 200 µL elution buffer 
(50 mM NaH2PO4, 300 mM NaCl, 200 mM imidazole, pH 8.0). The eluted proteins and 
purified His-tagged proteins were mixed with SDS-reducing loading buffer, boiled, and 
loaded on SDS-PAGE. The gels were then stained using the fast silver stain kit (Beyotime 
Biotechnology).

The differential protein bands were excised from the gels and digested using in-gel 
tryptic digestion. Remaining peptides were extracted from the gel with 60% acetonitrile 
containing 0.1% trifluoroacetic acid followed by ultrasonic treatment. The extracts were 
combined, dried in a vacuum concentrator, and dissolved in 0.1% formic acid for LC-MS 
analysis with a Q-Exactive mass spectrometer (Thermo Fisher Scientific) coupled to an 
Easy-nLC 1000 instrument (Thermo Fisher Scientific). Identification of protein results 
through the database (uniprot_Mus_musculus_88068_20210106).

Pull-down assay

To evaluate the interaction between CD68 and PySRA-F2, His-pull-down assays were 
carried out. PySRA-F2 protein was incubated with anti-His beads (Sigma) for 3 h at 
4°C to immobilize on beads. The beads were collected using a magnetic separator and 
incubated separately with 600 µg purified GST, GST-CD68, and GST-CKAP4 proteins for 
12 h at 4°C. After washing the beads with 20 volumes of TBS buffer (50 mM Tris HCl, 
150 mM NaCl, pH 7.4) three times, the beads were resuspended in 50 µL of SDSreducing 
loading buffer and boiled for 8 min. The supernatant was used for Western blot.

Flow cytometry

When macrophage RAW264.7 was in the logarithmic growth stage, the culture medium 
was abandoned and washed with PBS. After that, the cells were slowly blown down with 
fresh culture solution and counted by cell-counting plate. 500,000 cells were placed in a 
sterile EP tube and the experimental group (RAW264.7 + 50 µg PySRA-F1 recombinant 
protein, RAW264.7 + 50 µg PySRA-F2 recombinant protein, RAW264.7 + 50 µg PySRA-F3 
recombinant protein) and control group (RAW264.7), the culture medium was supple­
mented to 500 µL total volume, each group was set three multiple holes. The EP tube 
was placed on the silent mixer and rotated at room temperature for 3 h, centrifuged at 
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2,000 rpm at 4°C for 5 min, and the supernatant was discarded. Add 500 µL pre-cooled 
PBS and wash twice. Alexa Fluor 647 anti-His Tag Antibody diluted with PBS at 1:200. 
Then, added 50 µL to each tube. After standing on ice for 20 min and dyeing away from 
light, precooled PBS was washed three times at 2,000 rpm at 4°C. After centrifugation for 
5 min, the supernatant was discarded, and 400 µL PBS was added for resuspension. The 
fluorescence intensity was detected by flow cytometry (BD FACSAria III).

For the detection of macrophage apoptosis by flow cytometry, when macrophage 
RAW264.7 was in logarithmic growth stage, the culture medium was abandoned and 
washed with PBS. After that, the cells were slowly blown down with fresh culture solution 
and counted by cell counting plate. 650,000 cells were placed in 12-well plates. DMEM 
complete culture solution containing 10 µg/mL PySRA-F2 recombinant protein was 
filtered through a 0.22-µm filter and then added 1 mL to 12-well plates. After treat­
ment, washed twice with PBS and resuspended in 200 µL PBS. For apoptosis analysis, 
Annexin V-FITC/PI Apoptosis Detection Kit (Yeasen Biotechnology, Shanghai) was utilized 
according to the manufacturer’s instructions. Five microliters of Annexin V-FITC and 10 μL 
PI Staining Solution were added to each well, and the cells were incubated in the dark for 
15 min. The fluorescence intensity was detected by flow cytometry (BD FACSAria III).

Cloning, expression, and purification of recombinant CKAP4 proteins and 
CD68 proteins

The ckap4 (aa 1,336–1,668) and cd68 (aa 417–873) containing a Flag-tag at the C terminal 
were amplified from the cDNA (reversely transcribed by the RAW264.7 mRNA) using 
two respective reverse primers which introduced the HA tag nucleotide sequence and 
two respective forward primers listed in Table S1. PCR products were cloned into the 
BamHI and XhoI sites of pGEX-6P-1 vector. The pGEX-6P-1 plasmids carrying ckap4 and 
cd68 gene fragments were transformed into E. coli BL21 (DE3) pLysS cells for expression. 
Protein expression was induced with 0.5 mM IPTG for 7 h at 37°C.

qRT-PCR

RAW264.7 cells (6.5 × 105 cell/well) in a 12-well plate containing 10 µg/mL DMEM 
complete culture medium of PySRA-F2 recombinant protein was added into the pore 
and incubated with RAW264.7 for 12 h. Discard the medium and wash twice with 
pre-cooled PBS. RNA was extracted by qRT-PCR kit (Vazyme). Reverse transcription of 
the extracted RNA into cDNA (Yeasen) at 25°C for 5 min, 55°C for 15 min, and 85°C for 
5 min (Primer sequences in Table S1).

P. yoelii purification

When the protozoa rate reached about 50%, mouse eyeball blood was collected to 
contain 200 µL anticoagulant, mixed in EP tubes, and centrifuged at 2,000 rpm for 10 min 
at 4°C. Discarded supernatant and added RPMI 1640 for culture fluid resuspension cells. 
After rinsing NFW column with RPMI 1640 culture solution, the suspended cell suspen­
sion was passed through the column to remove white blood cells. After centrifugation 
at 2,000 rpm for 10 min, the supernatant was discarded and 7 mL RPMI 1640 culture 
solution was added to resuspend the cells. The centrifuge was slowly increased to 72% 
percoll, centrifuged at 300 rcf at 20°C for 30 min, and the centrifuge speed was set 
to 0. According to the culture medium and the different densities of Plasmodium in 
each period, it was divided into four layers, from bottom to top, they were ring stage, 
percoll, trophozoite and schizont phase, and 1640 medium. Mouse serum immunized 
with PySRA recombinant protein (1:1,000) as primary antibody to recognize the natural 
protein, sheep anti-mouse HRP-IgG was used as the secondary antibody (ABclonal).
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Gene knockout

Mouse tail blood was collected in 1% saponin, voracylated for 1 min, centrifuged at 
13,000 rpm for 5 min, and washed three times in PBS; then, the supernatant was 
discarded and added with ddH2O. The samples were cooked in a metal bath at 95°C 
for 10 min, and the supernatant was stored by centrifugation and as PCR amplifica-
tion template. Search the sequences before and after pysra and pysra-F2 through the 
PlasmoDB database. The left and right homologous arms are 400–600 bp before and 
after the design. Designed the sgRNA sequence through the website (http://zifit.part-
ners.org/ZiFiT/ CSquare9Nuclease.aspx). Five microliters of purified schizonite phase cells 
and 5 µg knockout plasmids were constructed in a sterile EP tube, filled to 100 µL with 
electro-control converter, mixed gently, and transferred to the shock cup. Transfected 
with Lonza 2b electroscope T-16 program advance, resuspended with 200 µL PBS, and 
transferred into a 1 mL injection tube. Then, ICR mice (Cavens) were injected intrave­
nously. After 24–36 h of electric transfer, tail blood smears of mice were taken and 
stained by Jimsa whether plasmodium infection is established in mice. When the results 
were positive, the water bottle was changed to contain 6 µg/mL pyrimethamine.

Statistical analysis

All experimental data were expressed as mean ± standard deviation and analyzed by 
Microsoft Excel and GraphPad Prism5. One-way ANOVA was used for the comparison 
of multiple groups of samples, and then the SNK test was used for pound-for-pair 
comparison. Student t test was used to compare the two groups of independent 
samples, and the difference was statistically significant when P < 0.05.
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