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A B S T R A C T

Splenic red pulp macrophages play a critical role infiltration of infected RBC and elimination of pathogens
during malarial infection. However, the efficiency of pathogenic processing and the intricate pathway followed
by them to boost the downstream immune response has not been studied in details. We checked the status of
autophagic regulation within the cells both before and after the infection and also modulated the autophagic flux
with either its inducer or inhibitor. We found that the upregulation of autophagic gene and the corresponding
pathway is correlated with better parasite clearance and survivability, with an enhanced downstream immune
response. It also increases their phagocytic potential with better Lysosomal associated protein I and II synthesis.
The autophagolysosome formation increases as well, and more vacuole bound LC3B protein are detected.
Chemokine synthesized from Red Pulp macrophage helps in mediating the induction for recruiting neutrophil
and CD4+T cells to the splenic red pulp region. The skewing of M1 macrophage polarity is observed post
autophagic induction with a better costimulatory molecule like CD80, CD86 expression and antigen presenting
molecule MHC I, MHC II is observed. This study shows the possibility of an alternative or adjuvant therapy
regimen for the malarial patient by inducing the autophagic pathway that targets the red pulp macrophages. This
might be helpful for better pathogen degradation and processing. The subsequent clearance of parasite will result
in a better outcome for the patients.

1. Introduction

Mouse model of Experimental Cerebral Malaria (ECM) recapitulates
most of its characteristics with its human counterpart, with about 100%
lethality within 6–14 days post-infection [1,2]. Plasmodium bergheei
ANKA (PbA) is the mouse homolog for Plasmodium falciparum. It kills
millions of people worldwide every year [2]. The disease is accom-
panied by neurological damage, ataxia, paralysis, convulsion, and coma
[1,2]. ECM initiates after the processing and presenting of infected RBC
(iRBC) antigens by splenic antigen presenting cells like dendritic cells
and macrophages. These antigens, in turn, primes naïve CD4T and
CD8T cells of the spleen. Inflammatory cytokine secretion and the
subsequent activation of brain endothelium for antigen presentation
and chemokine secretion attract the primed effector CD8T cell [4]. This
T cell population got engaged with the MHC I peptide complex on brain
endothelium resulting in the release of perforin, granzymes, chemo-
kines. These attract Natural Killer (NK) cells and macrophages to the

brain [5,6]. Together these immune cells breach the Blood-Brain Barrier
(BBB) by perturbing the endothelium, causing the full-blown cerebral
malarial pathogenesis [3].

Blood-borne pathogen clearance is a hallmark feature of the lym-
phoid organ spleen. Splenic Red Pulp is bathed in the slow-paced
bloodstream of venous cords and sinuses, which in turn facilitates the
filtration of the blood and in the elimination of damaged or infected
Red Blood Cells (RBC) [7]. Apart from the phagocytosis and pathogenic
clearance by Red Pulp Macrophages (RPM) they also play a crucial role
in immune system activation. Splenomegaly is one of the most promi-
nent symptoms of Plasmodium infection [8].

Macroautophagy (hereafter autophagy) plays a crucial role in the
degradation and processing of the engulfed pathogens within the
macrophage. [9]. Literature report suggests that the breakdown of pa-
thogens within the cells require a proper and complete autophagic flux.
Autophagic flux blockage causes poor disease outcome in different in-
fectious diseases [10]. No previous study looked into the effect of the
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autophagic pathway within the splenic immune cells during malarial
infection.

Autophagolysosome formation, autophagic pathway gene expres-
sion, protein activity, autophagic marker protein LC3B accumulation in
the vacuoles are few of the many essential steps of the pathway re-
ported assessing a proper autophagic flux progression [11]. The adhe-
sion property of the RPM towards the control or infected RBC, along
with their phagocytic property is essential for the engulfment of the
pathogen to undergo a pathogenic degradation process [12].

We previously reported splenic cell apoptosis during the
Plasmodium infection [13]. Both apoptosis and Plasmodium infection
results in the upregulation of endogenous HMGB1 serum level, which
plays a direct role in autophagic induction in many other scenarios
[14]. RPMs are efficient phagocytes and produce proinflammatory cy-
tokines like type I IFNs and TNFa [15]. Interestingly, autophagy-
mediated degradation of the NF-kB inhibitor molecule A20 [16] re-
leases CXCL1 and CXCL2 resulting in the neutrophil recruitment in
spleen by RPM [17].

RPM produces chemokines that directly binds with the CXCR3 and
CXCR5 found in upregulated condition within the CD4+T cells and
thus recruit helper T cells [17]. The variable cytokine milieu in the red
pulp microenvironment during the acute infection phase dictates RPM
function [18]. Enhanced iron accumulation capacity by classic M1 MΦs
positively influences the maintenance of these cells in a proin-
flammatory state [19]. Low iron level released from the hemozoin
breakdown during the malarial infection may skew the macrophage to
alternate activation pathway or M2 macrophage. They can produce
anti-inflammatory cytokines like Tgf-b, IL10 and generate T regulatory
cells [20].

Mammalian target of Rapamycin (mTOR) acts as a central regulator
for both innate and adaptive immune responses by determining T cell
fate post-differentiation, T cell activation and clonal expansion [21,22].
Rapamycin previously reported having a beneficial host immune re-
sponse in ECM pathogenesis with a significant increase in survivability
potential [3]. Blocking of BBB breakdown, brain hemorrhage, the influx
of CD4 and CD8 T cells to the brain and accumulation of iRBC in the
brain are few established mechanisms of rapamycin-mediated host
protection against ECM [3].

Rapamycin is reported to possess microbicidal property against
Plasmodium parasites [23]. It can interact with Plasmodium falciparum
FK506 binding protein PfFKBP35 and can inhibit parasite growth [24].
Dihydroartemisinin, an active metabolite in all artemisinin-derived
antimalarials, also reported inhibiting mTOR in cells [25] and mice
[26]. Dietary restrictions reduce parasite accumulation in peripheral
tissues including the brain and increase clearance in the spleen by ac-
tivating nutrient-deprived autophagy via the mTOR pathway [27].
Another mTOR inhibitor, torin2 also reported having a beneficial role
in pathogen clearance [28]. However, the identification of putative
protein binding partners for torin2 within the plasmodium metabolic
pathway suggests that its beneficial role might not be mTOR pathway
mediated [29]. On the other hand, rapamycin is an FDA approved the
drug and is safe on the human. Hence, we choose rapamycin as our drug
of interest to modulate the mTOR pathway and thus acts as an autop-
hagic inducer.

Ammonium Chloride is used as a lysosomotropic agent which ac-
cumulates in lysosomes. It then increases the low pH of lysosome which
results in blocking of autophagic flux [30]. The compound is widely
used as an autophagy inhibitor for decades [31,32], and is also used in
our study for the same.

We hereby interested in studying the influence of autophagic in-
duction have on splenic RPM during ECM. We dissected out multi-
layered steps of the autophagic pathway and analyzed their status in
correlation with the parasite load and clearance along with the survi-
vability of the model organism. During the process, we checked various
chemokine levels synthesized by RPM and its impact on the recruitment
of other immune cells to the splenic red pulp region. Overall, we

provide a comprehensive report of the autophagic flux and its im-
portance and consequence of the modulation of the same in malarial
infection within splenic RPM.

2. Material methods

2.1. Materials

The materials used for this study including the antibodies, primers,
kits, dyes and other reagents are provided in the supplementary ma-
terial under ‘Materials’ section.

2.1.1. Malaria mice model development
Male Swiss albino mice (∼25 g each; aged 6–8weeks) were housed

five per cages and were provided with rodent chow (National Institute
of Nutrition, India) and filtered water ad libitum. Animal experiments
were carried out as per the guidelines. of the Committee for the purpose
of Control and Supervision of Experimental Animals (CPCSEA),
Government of India (Registration No: 885/ac/05/CPCSEA) and as
approved by the Institutional Animal Ethics Committee (IAEC),
University of Calcutta, and confirms with the Guide for the Care and
Use of Laboratory Animals published by the US National Institutes of
Health. P. berghei ANKA parasite strain was obtained from the National
Institute Malaria Research Center, New Delhi. Liquid N2 stored para-
sitized mouse red blood cells (pRBC) were injected (1×106 pRBC, in
100 μl PBS) into mice of the same background. After amplification,
mice were infected with PbA (1×106 pRBC) in 100 μl PBS by in-
traperitoneal injection. Control mice were injected with an equal
number of uninfected erythrocytes.

Daily parasitemia monitoring in all experimental groups was done
by Giemsa-stained thin blood smears made from tail snips. The per-
centage of parasitemia was calculated as follows: parasitemia
(%)= [(number of infected erythrocytes)/(total number of ery-
throcytes counted)]. Survivability and parasitemia of mice were also
observed daily.

2.1.2. In vivo rapamycin and ammonium chloride dose and treatment
groups

Rapamycin treatment was provided at 15mg/kg body weight in-
traperitoneally, and ammonium chloride at 50mg/kg orally once every
day starting from one-day prior infection dose until the 8th-day post
infection. On the day 8 post-infection, they are sacrificed, spleen har-
vested and RPM isolated. All experiments like RNA isolation for gene
expression, phagocytosis assay, adhesion assay, autophagosome for-
mation assay are performed on the isolated RPM from the control and
three treatment groups i.e. only PBA infected, PBA+ Autophagy in-
ducer treated, PBA+Autophagy Inhibitor treated. Set of five mice
(n= 5) are used in each of the aforesaid four groups for each experi-
ment replicate. Total of four rounds of replicates per experiment are
performed. Hence 5 mice/set X 4 treatment groups X 4 replicates= 80
mice are used for the whole study.

2.1.3. Flow cytometry and sorting
Euthanized mice are sacrificed on 8th day post infection and spleens

are harvested out. The single cell suspension prepared from the spleen
by mechanical tapping and passing through the cell strainers. The cells
were centrifuged at 1000 rpm for 10min at 4 °C and supernatant dis-
carded. The pellet is then resuspended in 2ml RBC Lysis Buffer and
incubated for 5min at room temperature. At the end of 5min, the cells
are centrifuged at 1000 rpm for 10min at 4 °C and pellet was re-
suspended in Phosphate buffer saline (PBS) for washing. This step is
repeated twice, and then the cells are resuspended in cell staining buffer
containing 2% FBS in PBS.

The cells were first blocked with anti-CD16/CD32 and washed twice
with PBS. They are then incubated with the required antibodies ac-
cording to the experiment following manufacture's protocol for
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antibody dilution, incubation duration, etc. In the cases for detection of
intracellular protein markers, the cells are permeabilized with phos-
phate buffer saline (PBS) solution containing 0.1% Triton X-100 for
45min and washed before the antibody incubation. The live population
is determined by gating on viable forward versus side scatter gates.
Isotype-matched antibodies were used as staining controls. The data are
compensated for the fluorescence spill over to other filters. Labeled
cells were acquired using a BD C6 Accuri Machine and analyzed by the
Accuri C6 software.

F4/80+ (APC)CD68+ (PE) RPM subsets are sorted by BD FACS
Verse III. Cell population was first gated out by forward and side scatter
profile. The RPM are sorted only from live and single cell population as
observed from the scatter profile. The sorted cells are collected in serum
rich culture media (10% Fetal Bovine Serum containing DMEM) before
further processing.

The antibody details are provided in the supplementary ‘Materials’
section.

2.1.4. Real-time Gene expression study
Total RNA extraction from the isolated RPM of different treatment

groups was performed using TriZol reagent (Bangalore Genei, India),
reverse transcribed (MMLV High-Performance Reverse Transcriptase,
Epicentre Biotechnologies) (Random hexamer – Promega # C1181).
50 ng of cDNA is used per reaction of the realtime PCR for 35 cycles of
amplification with primers for specific genes (Supplementary Table
no:1). GAPDH was used as a constitutive expression. Syber Green re-
agent (Thermo Fisher: 4309155) used for The Real-time gene expres-
sion study and data acquired in Applied Biosystem StepOne RealTime
Machine and analyzed in Applied Biosystem software.

2.1.5. Enzo dye for autophagic detection
The autophagolysosome detection within the isolated RPM is per-

formed according to the manufacturer's protocol (ENZ:-51031) and also
as performed by other groups [33]. Briefly, the cells are put into the
buffer provided in the kit and incubated with the cyto-id dye following
the dilution and incubation time from the kit instruction manual. The
probe is a cationic amphiphilic tracer (CAT) dye and has careful se-
lection of titratable functional moieties which prevents its accumula-
tion within lysosomes but enables labeling of autophagolysosome va-
cuoles with minimum or no staining of the lysosomes. The post-staining
wash by using buffer provided exclude the free excess dye. This step is
repeated thrice to ensure maximum clearance of non-specific binding.
The cells are then suspended in the suspension buffer, and the flow
cytometric reading was taken immediately to minimize the loss of
signal due to bleaching. The change in the fluorescence intensity
emitted by the dye from different treatment samples is recorded via the
green filter in the flow cytometry machine (BD C6 Accuri) and analyzed
by the BD Accuri C6 software.

2.1.6. Flowcellect autophagy detection
Isolated RPM are subjected to serial washing steps as prescribed in

the Flowcellect Autophagy Detection kit (Millipore: FCCH100171) and
followed the methods as mentioned before [34]. Incubation and
washing with the kit provided buffers results in depletion of cyto-
plasmic free LC3B protein while retaining the autophagic vacuole
bound LC3B. The samples are then incubated with the LC3B-FITC an-
tibody provided in the kit according to specific dilution and duration.
To reduce the background signal from the non-specific binding of the
dye, the post-incubation washing step is repeated thrice. Finally, the
cells are suspended in the ice cold cell staining buffer (2% FBS in PBS).
Reading was taken immediately using the green filter of the flow cy-
tometry machine. The fluorescence emitted is detected by flow cyto-
metry (BD C6 Accuri) and analyzed by the same software provided with
the instrument.

2.1.7. Phagocytosis assay
Fluorochrome tagged zymosan A granules (Sigma: Z4250) [35] are

co-incubated with RPM in the cell culture medium (DMEM, 5% FBS) for
2 h at 37 °C, 5% CO2 cell culture incubator. The concentration, pro-
portion, and dilution of the granules are done according to datasheet
provided. The post-incubation masking of fluorochrome signal from
non-ingested granules by trypan blue solution was performed as per
manufactures protocol. Washing was performed by PBS thrice; each
round being followed by the centrifugation 2000 rpm for 10min at 4 °C
and supernatant was discarded. Final resuspension was done on cell
staining buffer, and immediately fluorochrome signal is detected by the
green filter of BD accuri C6 machine and analyzed by BD C6 software.

2.1.8. Adhesion assay
To have a quantitative measurement of the number of infected RBC

(iRBC) adhered to the sorted RPM, the iRBC extracted by heart punc-
ture of the mice on the day of sacrifice was first labeled with calcein AM
(Sigma: 17783) [36]. The labeling was performed in a medium con-
taining 1.93M of the cell-permeable fluorescent indicator, for 15min at
37 °C and 7.5% CO2. The excess fluorescent dye was removed by
washing the cells thrice with ice-cold PBS without Ca2/Mg2. Each
washing step is followed by centrifugation at 2000 rpm for 10min at
4 °C and supernatant was discarded. The calcein-AM labeled iRBC pellet
resuspended and co-incubated with RPM in the cell culture medium
(DMEM, 5% FBS) for 2 h at 37 °C, 5% CO2 cell culture incubator. Post
incubation washing was performed by PBS thrice, each round being
followed by the centrifugation as stated above. Final resuspension was
done on cell staining buffer after which the fluorescence signal is de-
tected by green filter 1 in BD FACS Accuri C6 followed by required
analysis.

2.2. Statistical analysis

Values between groups under different treatment condition were
analyzed using ANOVA, and by Tukey test where applied. Data are
expressed as mean ± SEM unless indicated otherwise. Statistical ana-
lyses were performed in GraphPad Prism, one-way analysis of variance
(ANOVA) or Kaplan–Meier survival tests as indicated. Data were ana-
lyzed, and when appropriate, the significance of the differences be-
tween mean values was determined using Student's t-test. Significant
differences were assessed by the Log-rank test. p < .05 were con-
sidered significant (*p < .05, **p < .01 and ***p < .001).

3. Results

3.1. Autophagic inducer results in whole blood parasitemia reduction and
increase in survivability and parasite load within RPM

The increase in the F4/80 + CD68 + RPM population observed post
inducer treatment (Fig. 1A and B). The F4/80 low CD68 + cells are not
considered as RPM in our experiment as they have the partial admixed
character of white pulp macrophages (F4/80 −/low CD68+). Only the
boxed cells marked as RPM in Fig. 1A were isolated with the gating
strategy provided (Sup. Fig. 1A). RPM thus sorted from all the four
treatment groups are checked for parasitemia load and also subjected
for subsequent experiments. The parasite load in the whole blood de-
creased post autophagic inducer treatment, as measured by Giemsa
Staining of the whole blood smear (Fig. 1C). However, the plasmodium
load within the RPM increased in the same scenario of autophagic in-
duction. This is measured by the percentage of cells showing positivity
for merozoite surface protein 1 (Fig. 1C). The same result is observed
when the plasmodium load in RPM subset, under different dose con-
ditions, are also measured by amplifying the plasmodium 18 s rRNA
from the cDNA prepared for real-time analysis (Fig. 1D). The mice set
treated with rapamycin dose shows an effective increase in survivability
as compared to the infected or autophagy inhibitor-treated (Fig. 1E).
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The autophagy marker genes like that of beclin, atg5 also increase post
induction. This increment is greater than all other three sets as detected
in quantitative real-time PCR (Fig. 1F). Autophagic induction is also
evident from the marked enhancement in the phosphorylation level of
beclin serine15 (Fig. 1G and I) and sqstm1 serine403 (Fig. 1H and I)
residues post autophagic inducer treatment.

3.2. Rapamycin-treated mice shows enhancement in autophagosome
formation and vacuolar LC3B deposition

The autophagic inducer treatment results in the upregulation of
double positive cells with both parasitic protein MSP1 expression and
autophagolysosome formation (Fig. 2A, Sup. Fig. 1B). We observed a
drop in the initial autophagolysosome level in untreated infected RPM
as compared to the control RPM. However, inducer treatment causes an
increase in autophagolysosome level as well as the MSP1 level within
the RPM (Fig. 2B). A positively proportionate increase in the antigen
processing internal cellular marker of CD205 with that of vacuolar
LC3B deposition is detected after washing off the free cytoplasmic LC3B
(Fig. 2C and D).

3.3. LAMP1 expression, the phagocytic property of the RPM is enhanced
post inducer treatment along with an insignificant change in adhesion
property

We observed an increase in phagocytosis rate of fluorochrome
tagged zymosan granules by the RPM sorted from the infected spleen
treated with autophagic inducer (Fig. 3A and C, Sup. Fig. 1C).

However, the adhesion property of RPMs are checked by calceinAM
labeled control RBC (cRBC) or infected RBC (iRBC). The labeled cells
from the respective mice set are superimposed on sorted RPM subset in
optimum culture condition. The percentage of calcein AM signal de-
tected indicates an insignificant change in adhesion property of the
autophagy induced RPMs as compared to the control or infected set
(Fig. 3B and C, Sup Fig. 1C).

We checked the expression level of Lysosomal-associated membrane
protein (LAMP- I and LAMP II) within the sorted RPM. CD107a and
CD107b are the exclusive markers for the two LAMP proteins present
within the macrophages. The sorted RPM stained with these two marker
antibodies shows an increase double positive cell population (Fig. 3D
and E). This confirms the increase in associated lysosomal activity post
rapamycin treatment.

Fig. 1. Autophagic Gene expression of sorted RPM correlates with parasite clearance and survivability: A) RPM population as gated for F4/80+ CD68+ cells within
the splenocytes increased post inducer treatment. The F4/80 low CD68 + cells are not considered as RPM in our experiment as they have the partial admixed character
of white pulp macrophages (F4/80 −/low CD68+). Only the insert box-gate population marked as RPM is considered in all our experiments. The data shown here was
acquired on 5×103 splenocytes. B) The significant increase in RPM in only PBA infected and more so in PBA+ Inducer treated mice is observed C) The infected RBC
percentage as measured by Giemsa staining and infected RPM percentage as measured by the cells positive for merozoite surface protein 1 (MSP1) by flow-cytometry
staining. An increase in parasite load in autophagy induced RPM while whole blood parasite load drops D) Increased load of real-time ANKA18s expression post
autophagic induction measured by isolating the whole RNA from RPM and reverse transcribed to cDNA and E) Increase in survivability post inducer treatment is
observed as compared to other groups as analyzed by Kaplan-Meir survival analysis for 14 days on set of 12 mice per group. The analysis is provided in the
Supplementary result section F) cDNA prepared from the RNA isolated from sorted out RPM from different treatment groups are checked for the gene expression
status of the autophagic pathway which confirms an upregulation in the major autophagic genes. Isolated RPM is permeabilized with appropriate buffer and then
incubated with the required antibody to detect the phosphorylation status of G) beclin S15 and H) p62 s403 where both are found to be I) significantly upregulated in
the RPM isolated from mice set that received rapamycin inducer.
Data in graphs are the representative images derived from at least four independent experiments. Each round of experiments have five mice in each of the four sets:
Control, PBA infected, PBA+ Inducer, PBA+ Inhibitor (*p < .05, **p < .01 and ***p < .001).
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3.4. Co-stimulatory markers, MHC molecule expression, Antigen
presentation marker of RPMs enhanced post autophagic induction thus
skewing RPM subset to M1 subtype

Isolated RPM are co-stained with M2 subtype marker antibodies
CD163 and CD206, both having the same fluorochrome conjugate. The
difference in population percentage for M2 subtype of RPM subset thus
observed clearly shows a significant drop of the same post inducer
treatment (Fig. 4A and B. Sup Fig. 1F). Thus, unstained M1 subtype of
the RPM subset increase in the same treatment condition (Fig. 4A and
B). The same is confirmed by staining the isolated RPM with M1 sub-
type marker antibodies iNOS and TLR2 (Sup. Fig. 2A, 2B). The staining
of any individual antibody differentiate M1 from M2 polarized mac-
rophage. We used two for each subtype case. MHCI and MHCII ex-
pressing RPM population increased both in M1 and M2 subtypes
(Fig. 4C and D). The increase is more pronounced in M1 subtype.
However the CD80- CD86 expressing double positive RPM population
enhanced post inducer treatment in M1 subtype but not so in M2 sub-
type (Fig. 4D and E).

3.5. Increase in splenic infiltration of neutrophil and CD4+T cells due to
enhanced chemokine-mediated recruitment signal by autophagy induced
RPM

An increase in neutrophil (CD11b+ Ly6G+) (Fig. 5A and C) and
CD4T (CD4+) (Fig. 5B and C) within the isolated splenocytes from the
whole spleen is observed post induction of autophagic flux.

Our data figures out an inverse relationship in the dropped ex-
pression of nf-kb inhibitor A20, with that of the increased level of both
CXCL1 and CXCL2 post autophagic induction (Fig. 5D, Sup. Fig. 3A, B,
C). Both of these chemokines were reported to facilitate neutrophil
infiltration process towards red pulp zone.

The isolated RPM secretes more of chemokines CXCL9, CXCL11, and
CXCL13 when it is under the autophagic induced condition and co-

incubated with iRBC in cell culture setup (Fig. 5E and F). These che-
mokine ligands have their respective receptors of CXCR3 (for CXCL9
and CXCL11) and CXCR5 (for CXCL13) on CD4T cells. The upregulation
of both CXCR3 and CXCR5 on helper CD4T cells indicate that chemo-
kine secretion by RPM plays a key role in facilitating the infiltration of
CD4T cells and its recruitment in red pulp zone (Fig. 5G and H).

4. Discussion

Rapamycin has previously been used in a number of studies in the
ECM model and is reported to play a beneficial role for the host with a
significant increase in survivability [3,27,37]. Different dose regimen
has been followed in previous works with variation, both in terms of
concentration and number of doses [3,27,37]. While a group suggests
this dose to be administered within first 4 days of infection [3], other
group shows that even a single dose at the late stage of the disease is
enough for better disease outcome [27]. Gordon et al. show a rapa-
mycin treatment in conjunction with artesunate treatment results in a
significant increase in survival of PbA-infected mice [3]. This study
traces the role of splenic red pulp macrophages in ECM, after rapa-
mycin-mediated induction of autophagic flux.

Autophagy induction causes an increase of F4/80+CD68+ splenic
RPM subsets (Fig. 1A). Establishing our autophagic modulation model,
we checked the alteration in autophagic gene expression status via
quantitative real-time PCR (Fig. 1F) and measured the phosphorylation
of the beclin serine15 and sqstm1 serine403 (Fig. 1G, H and I). In-
creased phosphorylation of those two serine residues in the respective
proteins is the already known marker for autophagic induction [38,39].
We found a clear beneficial change in the survivability post autophagic
inducer treatment (Fig. 1E), with better parasite clearance from the
whole blood (Fig. 1C) and enhanced entrapping of the same by RPM
(Fig. 1C and D). Although previous reports suggest that the peripheral
or whole blood parasitemia be increased post rapamycin treatment
[3,27,37], we find a significant reduction of the same. This might be

Fig. 2. Autophagolysosome - MSP1 expressing double positive cells increased post autophagic induction accompanied with enhanced deposition of vacuole bound
LC3B and CD205 expression: A) Isolated RPM is stained with the autophagolysosome detection dye and MSP1 protein and we found an increase in double positive
cells having both the autophagolysosome formation and parasite load increase post inducer treatment B) When plotted the mean fluorescence intensity measured
from the last experiment it shows a drop in autophagolysosome formation in infected RPM as compared to control RPM, which again got enhanced post inducer
treatment along with the high MSP1 load entrapped within those cells. Flowcellect kit procedure followed where the cytoplasmic LC3B within RPM is washed out,
leaving only the vacuole bound autophagy pathway involved LC3B; and C) we find an enhanced RPM population having vacuolar LC3B deposition while autophagy is
induced, D) which is positively correlated with RPM population possessing the antigen processing marker protein CD205. E) The positive cell population is plotted in
bar diagram shows a significant increase in LC3B and CD205 post autophagic induction.
Data in graphs are the representative images derived from at least four independent experiments. Each round of experiments have five mice in each of the four sets:
Control, PBA infected, PBA+ Inducer, PBA+ Inhibitor (*p < .05, **p < .01 and ***p < .001).
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due to different factors like higher dose concentration used by us, and
also the number of doses, doses starting even before the parasite is
introduced, and Swiss albino mice model that we have used for the
experiments. The cumulative effect of these factors results in better
autophagic induction which might be a promoting factor for better
parasite clearance.

While checking the autophagolysosome formation by staining with
the catiophillic amphitacer dye, we find an increase in the same while
autophagy is induced (Fig. 2A and B). Increase in the RPM cell popu-
lation possessing both the pathogens and autophagolysosome is ob-
served (Fig. 2A and B). The plasmodium load is detected by the pre-
sence of the merozoite surface marker protein. This proves the efficient
autophagic induction with the parasite-laden cells post inducer treat-
ment. Enhancement in the autophagic vacuole bound LC3B protein is
noticed in set C after cytoplasmic free LC3B is washed off (Fig. 2C and
E). This, yet again, proves a positive autophagic induction post inducer
treatment. A positive correlation is observed in the expression of va-
cuolar LC3B with that of a novel endocytic receptor CD205 that is re-
ported to mediate antigen uptake and presentation and cross-pre-
sentation to T cells (Fig. 2D and E). Hence, we conclude that rapamycin
treatment induces autophagolysosome formation and autophagic va-
cuole bound LC3B deposition along with enhanced CD205 expression in
parasite-laden RPM.

While checking the adhesive property of the RPM, we do not find
any significant change in its attachment with the calcein-labeled iRBC
(Fig. 3B and C). However, an enhanced phagocytic property in the
autophagy induced RPMs is observed (Fig. 3A and C). It indicates that
autophagy flux positively regulates the engulfing of the pathogens
without overburdening the cells by adhering them with an increased
pathogenic load on their surface. Accumulation of increased autophagic
vacuoles can also be observed in scenarios where lysosome number and
function is reduced [40]. Lysosomal-associated membrane protein I and
II (LAMP I and LAMP II) forms almost 50% of lysosomal surface protein.
Their increase with the autophagolysosome formation confirms the
active ongoing autophagic pathway within the RPM post inducer
treatment (Fig. 3D and E).

Autophagy induced polarization of RPM subset towards M1 subtype
is observed (Fig. 4A and B). While studying the RPM activity in terms of
their antigen presentation and co-stimulation of immune response, we
find a significantly MHCI and MHCII in both M1 and M2 subtypes of
RPM (Fig. 4C and D). Being more aggressive M1 subtype shows more
pronounced MHC expression pattern as well as increased CD80-CD86
double positive population than M2 subtype (Fig. 4C and E), post in-
ducer treatment. A shift from M2 to M1 macrophage subtype demon-
strates an active and aggressive immune function performed by RPM
subset [41].

Fig. 3. Increase in phagocytic potential without any significant alteration in adhesion property observed along with an increase in RPM population exhibiting
increased LAMP I and II expression post inducer treatment: A) Increase in the isolated RPM cell population ingesting the zymosan granules in the in-vitro phago-
cytosis assay are observed in autophagy induced condition. The RPM isolated are incubated with the zymosan A fluorochrome granules and co-incubated with the
control RBC (cRBC) or infected RBC (iRBC). The histogram is showing the cell populations percentage in different treatment groups where we find a considerable
increase in cell population ingesting the zymosan granules post autophagy induction. B) Calcein AM-labeled cRBC, or iRBC collected are coincubated with the
isolated RPM in cell culture setup to study the adhesion property of the cells. The RPM population showing adhesion property remains relatively unchanged in all
treatment groups C) The mean fluorescence intensity signal increased during detection of phagocytosis property and not during the detection of adhesion property by
the cells; as the later remains unaltered post induction. D) Isolated RPM shows an increase in Lysosomal Associated Membrane protein (LAMP I and LAMP II)
expression with the autophagy induction. CD107A (for LAMP I) and CD107B (for LAMP II) are co-stained and E) double positive cell population is plotted in a bar
diagram, which shows a significant increase of the same in both the PBA infected and PBA+ inducer treated condition.
Data in graphs are the representative images derived from at least four independent experiments. Each round of experiments have five mice in each of the four sets:
Control, PBA infected, PBA+ Inducer, PBA+ Inhibitor (*p < .05, **p < .01 and ***p < .001).
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Interestingly two major cytokines influencing macrophage function
and activity are IL10 and IL 12. The cytokine levels are measured by
ELISA on the cell culture supernatants of each of the isolated RPM from
different treatment groups. Interestingly, the drop in anti-inflammatory
IL10 level along with a considerable increase in IL12 level is observed
(Sup Fig. 3D). Previous reports show IL10 causes suppression of the
anti-pathogenic activity of macrophages [42]. On the other hand, IL12
causes M1 macrophage polarization with efficient pathogenic clearance
and costimulatory marker expression [43].

Autophagy induced increase in the population of neutrophil (Fig. 5A
and C) and CD4T cells (Fig. 5B and C) in the spleen as measured by flow
cytometry staining might play a crucial role in eliciting immune re-
sponse necessary for combatting against the infection. However, the
signaling cue for recruitment or infiltration of these two cell types can
be traced by the chemokine secretion by RPM and their corresponding
receptor expression pattern on the respective cells.

Previous reports show autophagy-mediated degradation of the NF-
kB inhibitor molecule A20 [16] causes the release of CXCL1 and CXCL2
resulting in the neutrophil recruitment in spleen by RPM [16]. Autop-
hagic induction in infected RPM results in a drop of A20 level in set C
resulting in the higher release of CXCL1 and CXCL2. This, according to
the previous reports, [16] must facilitate in the neutrophil infiltration
within the splenic red pulp zone (Fig. 5D, Sup. Fig:3A,3B,3C). Re-
cruitment of neutrophil to the blood filtering splenic red pulp zone
might be a crucial determinant for inducing better host immune re-
sponse against Plasmodium. Further studies on the immune interaction
of neutrophil, post RPM induced infiltration, may highlight their role in
details.

RPM produces chemokines like CXCL9, CXCL11, and CXCL13 that
directly bind with the CXCR3 and CXCR5 that are found to be upre-
gulated in CD4+T cells. This helps to initiate signaling essential for

recruitment off helper T cells [44]. mTOR prevents antigen-stimulated
CD4 and CD8 T cell homing and trafficking by redirecting them to the
site of inflammation [22,45]. We found mTOR suppression with au-
tophagic inducer rapamycin facilitates chemokine signaling mediated
homing of CD4T cells to the spleen. CXCL9, CXCL11, and CXCL13 ex-
pression enhanced in RPM post inducer treatment (Fig. 5E and F).

Interestingly the respective receptors of these chemokine ligands are
present on CD4T helper cells. The autophagy induced enhanced ex-
pression level of those receptors (CXCR3 and CXCR5) on CD4T cell
signifies regulation in recruiting those cells in the splenic red pulp zone
(Fig. 5G and H). Thus, we can infer autophagic enhancement positively
influence the infiltration of both neutrophil and helper CD4T cells via
chemokine regulation. However, further study on whether RPM can
prime the T cells and modulate their action might be interesting in
understanding their role in experimental cerebral malaria model.

Our study has its limitation due to the lack of any known potential
autophagic inducer that can specifically affect the splenic RPM and not
any other cells. Rapamycin used for autophagic induction must have a
systemic effect on multiple other cell types causing it challenging to
pinpoint RPM to be the ‘sole’ cause of better host response.
Nevertheless, RPM exhibits a better immune response in autophagy
induced set in all the experiments performed by us. Although, whether
the response is the causal effect formed by RPM only or is the sig-
nificant impact from the cumulative contribution from multiple cellular
types is yet to decipher in future studies. More in-depth study at the
molecular level will help us to decipher the mechanistic details un-
derplaying ‘enhanced autophagy within RPM’ with ‘better immune re-
sponse against Plasmodium.’ As of now, we can state the association
between these two factors is evident from our study.

Previous reports suggest that another autophagy inducer molecule
torins do clear off the malarial parasite with perfection [29].

Fig. 4. Costimulatory molecule CD80 CD86 expression, major histocompatibility complex I and II synthesis increased post autophagic induction resulting in skewing
of RPM subset to M1 subtype: A) The skewing of the RPM population towards M1 polarization with a drop in the M2 subtype RPM post inducer treatment is observed.
The isolated RPM is stained with CD163-PE and CD206-PE, the markers of M2 macrophage subtype. The RPM thus obtained in Filter 2 (for PE) is of M2 subtype, and
unstained cells are M1 subtype. M1 subtyping is further confirmed (Sup. Fig. 2A, 2B) where iNOS-PE and TLR2-PE antibodies are used to get stained M1 population.
B) The bar diagram plotting shows a significant increase in M1 subtype with the corresponding drop in M2 polarized RPM population post autophagic induction. C,
D) The increase in MHCI and MHCII double positive M1 polarized RPM population (D, upper panel) and M2 polarized RPM population (D, lower panel) is observed
post autophagic induction. C, E) However RPM population showing double positive for costimulatory marker CD80 and CD86 is higher in autophagy induced M1
polarized RPM (E, upper panel) and not so in M2 polarized RPM (E, lower panel).
Data in graphs are the representative images derived from at least four independent experiments. Each plot of flow-cytometry results shown was done on 5× 103

cells. Each round of experiments have five mice in each of the four sets: Control, PBA infected, PBA+ Inducer, PBA+ Inhibitor (*p < .05, **p < .01 and
***p < .001).
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Autophagic induction does help in pathogenic degradation in a large
number of diseases. Over here, we have shown a better host immune
response affecting enhanced parasite clearance and survivability post
autophagic induction. As red pulp macrophages play a crucial role in
the immune processing of the infected RBC flowing through them, a
drug targeted towards them to induce the autophagic flux might be
beneficial for the host to have a better treatment during Plasmodium
infection.
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