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Abstract

Background: The erythrocytic stage, where malaria parasites proliferate in human blood, is clinically significant as
this causes the symptoms and illness of malaria. Experimental rodent models of malaria at the erythrocytic stage are
used for the development of anti-malarial drugs and for biological analysis. An automated haematology analyzer
XN-30 was developed for detection of infected red blood cells (iRBCs) in human blood samples and measurement of
their parasitaemia in approximately 1 min through flow cytometry analysis. Additionally, the analyzer simultaneously
measured other haematological parameters in these samples. It is inferred that the analyzer would also allow easy and
rapid measurement of parasitaemia in mice and provide important clues on the mouse haematological state during
infection and treatment.

Results: The XN-30 analyzer is a simple and rapid tool to detect iRBCs in mouse blood samples infected with rodent

malarial drug, Flow cytometry, XN-30 analyzer

malarial parasites, with three-dimensional analysis permitting the precise measurement of parasitaemia (referred
herein as the 'XN-30 system’). The XN-30 analyzer allowed not only the detection of iRBCs but also the monitoring
of RBC, white blood cell, and platelet counts, as well as haematocrit, mean corpuscular volume and mean platelet
volume values in the mouse blood sample. For anti-malarial drug development, aside from demonstrating possible
efficacy in mouse models, XN-30 analyzer could provide a first glimpse of the safety profile of the drug.

Conclusions: The XN-30 system is a powerful tool that can be utilized for the in vivo screening, development, and
evaluation of anti-malarial drugs as well as for pre-clinical pharmacology and/or toxicity tests in rodent models.
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Background

The malarial parasite is a unicellular eukaryote that
infects humans via mosquitoes. The erythrocytic stage
of the parasite in humans is clinically significant as this
stage of the Plasmodium parasite causes the symptoms
of malaria. The disease symptoms can be very mild and
uncomplicated to include fever or become severe pro-
gressing to anaemia, splenomegaly, and sometimes death.
Various anti-malarial drugs, such as chloroquine and
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artemisinin, have targeted this stage of the parasite life
cycle. Since Plasmodium species that infect humans are
essentially unable to infect non-primate animals, rodent
malarial parasites are typically utilized to evaluate the
efficacy of anti-malarial compounds in vivo. Of these
parasitic species, Plasmodium berghei, Plasmodium yoe-
lii, Plasmodium chabaudi, and Plasmodium vinckei have
been extensively used in drug discovery and early devel-
opment [1]. In these drug discovery and development
processes, microscopic analysis of Giemsa-stained blood
smears is currently the standard method for measuring
parasitaemia in rodent models of malaria. However, since
this method is labour-intensive, time-consuming, and
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low-throughput [2], alternative methods, including flow
cytometry, have been developed [3-6].

From the end user side, without requiring techni-
cal experience or expertise, an automated haematology
analyzer XN-30 (Sysmex, Kobe, Japan) was developed
to detect the malaria parasite and to calculate its parasi-
taemia in human blood samples in approximately 1 min
through flow cytometry analysis [7]. In brief, the XN-30
analyzer aspirates and dilutes blood samples in a diluent
solution (CELLPACK DCL) at a certain dilution ratio.
Subsequently, the nucleic acids are stained with a staining
solution (Fluorocell M) along with a lysis solution (Lyser-
cell M) and infected red blood cells (iRBCs) and white
blood cells (WBCs) are detected by a blue semiconductor
405 nm laser beam. At the same time, a sheath flow direct
current is adopted for measuring 10 haematological
parameters including RBC and platelet (PLT) counts, and
haematocrit (HCT), mean corpuscular volume (MCV),
and mean platelet volume (MPV) values [7]. The mini-
mum detection sensitivity of the XN-30 analyzer in the
whole blood mode, which allows quantitative counting
of infected RBCs is 18 iRBCs/pL [7]. In addition, a new
algorithm for in vitro cultured parasites was developed,
which distinguished the different developmental stages
of in vitro cultured Plasmodium falciparum parasite [8].
Thus, it was inferred that the XN-30 analyzer may be
suitable not only for easy and rapid parasitaemia meas-
urements in human blood or in vitro parasite culture but
could also be an important experimental tool for in vivo
drug screening and development in rodent malarial
models.

The present study demonstrates that the XN-30 ana-
lyzer distinguishes iRBCs from WBCs, polychromatic
RBCs, Howell-Jolly body-containing RBCs (HJB-RBCs),
and merozoites through three-dimensional analysis using
parameters of side scattered light (SSC, representing the
internal cell structure and its contents), forward scattered
light (ESC, indicating iRBC size), and side fluorescent
light (SEL, corresponding to DNA content). In addition,
the XN-30 analyzer can simultaneously monitor the fol-
lowing haematological parameters: RBC, WBC, and PLT
counts, and HCT, MCV, and MPV values. Finally, the
XN-30 system allowed the measurement of parasitaemia
after treatment with the anti-malarial drug, artemisinin.
XN-30 analyses after drug treatment could help not only
to elucidate the pharmacokinetics of the drug but also
monitor safety of the treatment and development of drug
resistance.

Methods

Mice, parasites, and infection

C57BL/6 and ICR mice (6 weeks old) were purchased
from Japan SLC, Inc. (Shizuoka, Japan). For parasite
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infection, the mice were injected intraperitoneally with
3 x 10° iRBCs with the non-lethal strain, P. yoelii 17XNL,
suspended in phosphate-buffered saline (PBS).

Measurement of parasitaemia

Peripheral blood was collected from the tail vein in
Na-EDTA-containing vials. The blood samples were ana-
lysed simultaneously using the XN-30 analyzer with the
algorithm for cultured P falciparum parasites [prototype;
software version 01-03 (build 16)] (Sysmex) and by light
microscopy using thin Giemsa-stained blood smears. Periph-
eral blood samples were diluted with PBS and applied to a
Capiject Capillary Blood Collection Tube (Terumo, Tokyo,
Japan). The samples were loaded onto the XN-30 analyzer as
per the manufacturer’s instructions. The dedicated reagents,
CELLPACK DCL, SULFOLYSER, Lysercell M, and Fluoro-
cell M, were used for this measurement (Sysmex).

Standard thin blood smears were fixed in 100% metha-
nol (Nacalai Tesque, Kyoto, Japan) for 10 min and then
stained in 10% Giemsa stain working solution, pH 7.2
(Merck KGaA, Darmstadt, Germany) for 13 min. The
slides were observed at 1000x magnification using a
BX50 light microscope (Olympus, Tokyo, Japan). Parasi-
taemia was determined by calculating the ratio of iRBCs
in at least 3000 RBCs.

Data analysis by Flowing software

ECS files exported from the XN-30 analyzer were ana-
lysed by Flowing software 2.5.1 (Turku Centre for Bio-
technology, University of Turku, Turku, Finland). Areas
of iRBCs, polychromatic RBCs, HJB-RBCs, and WBCs
were gated on the M scattergrams and areas of iRBCs,
HJB-RBCs, and merozoites were gated on the M(SSC-
ESC) scattergrams. Common dots in iRBC areas on both
the M and M(SSC-FSC) scattergrams were assigned as
iRBCs and counted (see Fig. 2b; red dots). This method
using SFL and FSC parameters for M scattergrams, and
SSC and FSC parameters for M(SSC-FSC) scattergrams
was designated as ‘three-dimensional analysis! Each scat-
tergram represented dots per 0.953 pL and the analyzer
reported the number of total RBCs per pL. This differ-
ence was compensated in the calculation of parasitaemia,
as shown in following equation:

Parasitaemia (%) = iRBC count (counts/0.953 nL)/0.953/
total RBC count (counts/pL) x 100.

RBC, WBC, and PLT counts, as well as HCT value were
calculated according to the indicated dilution ratio, MCV
and MPV values were directly adopted.

The re-analysis of the scattergrams from the XN-30
analyzer by using Flowing software is referred to as the
XN-30 system’ in this study.
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Drug treatment analysis

As stock solution, artemisinin (TCI, Tokyo, Japan) was
dissolved at 50 mg/mL in 65% dimethyl sulphoxide and
35% Tween-80. The stock solution was further diluted
to 5 mg/mL (1:10 dilution) with saline (Otsuka Normal
Saline; Otsuka Pharmaceutical Co Ltd, Tokyo, Japan).
Mice were subcutaneously injected with artemisinin
(25 mg/kg) 4 days after infection with the P. yoelii 17XNL
parasite. Blood samples were collected before and after
drug treatment and analysed using the XN-30 system
(see also Fig. 5a).

Statistical analyses

The correlation between parasitaemia determined using
the XN-30 system and by microscopy was analysed using
regression analysis. The coefficient of determination (R?)
was calculated using Microsoft Excel (Microsoft, Red-
mond, WA, USA). Mean, standard deviation (SD), and
coefficient of variation (CV %=SD/mean x 100) were
calculated using Microsoft Excel (Microsoft) and Graph-
pad Prism version 5.0 (Graphpad Software, San Diego,
CA, USA). The statistical significance of differences
between non-infected and infected groups was evaluated
through one-way analysis of variance followed by Dun-
nett’s multiple comparison tests using Graphpad Prism
version 5.0 (Graphpad Software).

Results

Evaluation of blood samples from non-infected healthy
mice using the XN-30 analyzer

As a first step to apply the XN-30 analyzer for the detec-
tion and measurement of iRBCs in mouse, blood samples
from non-infected healthy mice were measured. Signals
from non-diluted blood samples were saturated (100%,
Additional file 1: Figure Sla, b); however, the blood sam-
ples diluted 10 to 50-fold were adequately represented on
the M scattergram (female, Additional file 1: Figure Sla;
male, Additional file 1: Figure S1b). For healthy human
peripheral blood samples, the XN-30 analyzer distin-
guished WBCs (1) and polychromatic RBCs (2) on the
M scattergram (Fig. la(i)); however, HJB-RBCs (3) were
also detected for the mouse peripheral blood samples.
Unfortunately, H/B-RBCs were recognized as ring-forms,
trophozoites, and polychromatic RBCs (Fig. la(ii) and
Additional file 1: Figure S1a). These findings suggest that
the optimal working dilution for the samples needs to
be determined and that HJB-RBCs hindered the precise
enumeration of iRBCs. Moreover, as the XN-30 analyzer
simultaneously reports other parameters such as RBC,
WBC, and PLT counts, as well as HCT, MCV, and MPV
values [7], the reliability of the data from diluted blood
samples was also evaluated by comparing the counts and
values of these parameters across varying dilutions. The
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comparison indicated that the dilutions hardly affected
the haematology results (female, Fig. 1b; male, Additional
file 1: Figure S1c). From these data, it can be inferred that
2 pL (1:50 dilution) of blood sample is sufficient for suit-
able measurements.

Initial evaluation and re-analysis of the scattergrams
obtained from P. yoelii-infected blood samples

The XN-30 analyzer showed WBCs, polychromatic RBCs,
and HJB-RBCs in non-infected mouse blood samples on
the M scattergram (Fig. 2a, upper left panel), similar to
that in Fig. 1a(ii). The M(SSC-FSC) scattergram using the
SSC parameter instead of the SFL parameter revealed the
separation of these cells (Fig. 2a, upper right panel). How-
ever, HJB-RBCs were still misrecognized as ring-form
parasites (Fig. 2a, upper panels). In infected blood sam-
ples, the analyzer detected iRBCs and HJB-RBCs, but was
not able to distinguish the different developmental stages
of the parasite (especially the trophozoite and schizont
stages), owing to high multiple infection (Fig. 2a, lower
panels and Additional file 1: Figure S4). Moreover, poly-
chromatic RBCs and HJB-RBCs were again misrecognized
as trophozoite and ring-forms. Thus, the data obtained
from the analyzer require further analysis to resolve these
inherent limitations. To overcome these issues, the scat-
tergrams were analysed using the Flowing software in the
XN-30 system described in the “Methods”.

Manual gating distinguished polychromatic RBCs,
HJB-RBCs, and WBCs from iRBCs on the M scattergram;
however, any dots in the area of the iRBCs were counted
as iRBCs on the M scattergram, even in non-infected
blood samples (Fig. 2b, upper panels). For infected blood
samples, merozoites can be resolved in addition to HJB-
RBCs on the M(SSC-FSC) scattergram (Fig. 2b, lower
panels). Common dots in the iRBC areas on both the M
and M(SSC-ESC) scattergrams were assigned as iRBCs.
This analysis showed that the iRBC counts were 11 and
9686 (parasitaemias were 0.0057% and 6.7%, respectively)
in the non-infected and infected blood samples, respec-
tively (Fig. 2c); with 0.0057% of the parasitaemia in the
non-infected blood sample regarded as false-positive.
Further analysis of non-infected blood samples from
female and male mice revealed false-positive parasitae-
mia values of 0.0043+0.0013% and 0.011=+0.0057%,
respectively (Additional file 2: Table S1). Of note, for
infected blood samples, the 6.7% parasitaemia from the
XN-30 system was similar to the 5.5+0.35% parasitae-
mia determined through microscopy (Fig. 2¢, lower line).
These results indicate that the three-dimensional analy-
sis using the SSC parameter added to the FSC and SFL
parameters (see “Data analysis by Flowing software” in
“Methods”) permitted a more accurate determination of
iRBC count in mouse blood samples.
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Fig. 1 XN-30 analyzer data of blood samples from healthy humans and non-infected mice. a M scattergrams obtained from non-diluted human
blood samples (i) and tenfold diluted mouse blood sample (ii). The ‘1,2, and 3'indicate white blood cells (WBCs), polychromatic red blood cells
(RBCs), and Howell-Jolly body-containing RBCs (HJB-RBCs), respectively. Blue, polychromatic RBCs; light blue, WBCs; red, ring-forms; orange,
trophozoites; purple, schizont were assigned based on default setting of the XN-30 analyzer; however, these were misclassified for mouse blood
sample. b Dot-plot of RBC (i), WBC (ii), and PLT (iii) counts, and HCT (iv), MCV (v), and MPV (vi) values in blood samples from female mice. Horizontal
bars represent means. RBC, WBC, and PLT counts, as well as HCT value were calculated according to the indicated dilution ratio. Data of the blood
samples from male mice are shown in Additional file 1: Figure S1

Parasitaemia and haematological evaluation of the blood
samples from infected mice by using the XN-30 system

To further test the reliability of the XN-30 system, 5
mouse blood samples with different parasitaemias were
compared using the XN-30 system and microscopy. The
XN-30 system had less dispersion in a single sample

(CV%=2.36-2.96 in the XN-30 system; 3.14-18.93 in
microscopy) and larger mean parasitaemia (XN-30/
microscopy=1.02-1.25) than that observed through
microscopy (Fig. 3a, Additional file 1: Figure S2 and
Additional file 2: Table S2). However, correlation analysis
revealed a high coefficient of determination (R*>=0.998)
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between the two (Fig. 3b). With these results, XN-30 sys-
tem is potentially more reproducible and sensitive than
microscopy. Furthermore, in addition to the parasitae-
mia, it was observed that RBC, WBC, and PLT counts,
as well as HCT, MCV, and MPV values were reliable even
using diluted samples (see Fig. 1b). When infected, with
parasitaemia, haematological parameters fluctuated as
expected (Fig. 3¢, also see below).

The course of infection was monitored using both the
XN-30 system and microscopy. Both methods showed
increase in parasitaemia until day 14-17 after which
parasitaemia declined (Fig. 4a and Additional file 2: Table
S3). A higher mean parasitaemia was obtained with the
XN-30 system than with microscopy (Fig. 4a and Addi-
tional file 2: Table S3), similar to the results presented
in Fig. 3a and Additional file 2: Table S2. A correlation
analysis indicated a strong coefficient of determination

(R?=0.973) (Additional file 1: Figure S3), as mentioned
above (see Fig. 3b). Likewise, in addition to parasitaemia,
the XN-30 analyzer was able to evaluate other param-
eters. RBC count and HCT value decreased as parasi-
taemia increased, and both values returned to baseline
as parasitaemia is cleared (Fig. 4b(i), (iv)). This fluc-
tuation matches with the anaemia status of mice after
infection. However, WBC fluctuation differed largely
in individual mice (Fig. 4b(ii)), rising rapidly after infec-
tion and decreasing around 14 days when parasitaemia
is at its peak. The PLT count decreased as parasitaemia
increased; however, its return to baseline was delayed
compared with that of the RBC count and HCT value
(Fig. 4b(iii)). Fluctuations in MCV and MPV values fol-
lowed those of parasitaemia (Fig. 4b(v), (vi)). An increase
in MCV and MPV values corresponded with the enlarged
morphologies observed by microscopy (Additional file 1:
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Fig. 3 Comparison between parasitaemias determined using the XN-30 system and microscopy. a Dot-plot of parasitaemias determined using
the XN-30 system and microscopy. Data from 5 types of blood samples are compared. Grey and white dots indicate parasitaemias obtained using
the XN-30 system (denoted as X’) and microscopy (denoted as ‘M), respectively. Horizontal bars represent means calculated with values from three
individual measurements. All data are provided in Additional file 1: Figure S2 and Additional file 2: Table S2. b Scatterplot of parasitaemias obtained
from the XN-30 system and microscopy. Data are summarized with mean values from each sample shown in (a). R? indicates the coefficient of
determination. The diagonal line represents the regression line. € Dot-plot of RBC (i), WBC (i) and PLT (jii) counts, and HCT (iv), MCV (v) and MPV (vi)
values. Horizontal bars represent means. Data were obtained from blood samples diluted at 1:50

Figure S4). The comparison of the iRBC count (iRBCs/
uL) with parasitaemia (%) revealed that iRBC levels pla-
teaued at approximately 3.0 x 10° iRBCs/pL when the
parasitaemia was approximately more than 20% (Fig. 4c).
This finding indicates that the increase in parasitaemia
for P. yoelii 177XNL was dependent on reductions in the

levels of total RBCs greater than 20% parasitaemia. To
validate this finding, RBC counts were correlated with
parasitaemia. The comparison revealed a logarithmic
negative correlation (Fig. 4d), suggesting that the total
RBC levels were logarithmically reduced after infec-
tion and that the maximum concentration of iRBCs is
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regulated by uncharacterized mechanisms in mice and/
or parasites.

Application of the XN-30 system to evaluate the efficacy

of anti-malarial drugs

To evaluate the efficacy of anti-malarial drugs with the
XN-30 system, a rodent model for malaria was used
to analyse parasite-infected mouse blood before and
after artemisinin treatment. Mice were infected with
the parasite on day-4 and then treated with artemisinin
or solvent (Fig. 5a). Parasitaemia promptly decreased

after artemisinin treatment (Fig. 5b; red lines) while it
increased in solvent-treated mice (Fig. 5b; blue lines).
Haematological parameters fluctuated in both arte-
misinin- and non-treatment groups. With artemisinin,
treatment resulted in the recovery of RBC, PLT counts
and HCT value, while WBC count, MCV, and MPV val-
ues barely fluctuated from baseline (Fig. 5¢). From these
results, XN-30 analyzer permits, aside from parasitaemia
determination, the haematological evaluation in vivo and
provide clues as to the curative effects of anti-malarial
drugs.
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Discussion

The XN-30 analyzer was previously reported to allow the
automatic detection of iRBCs in human blood samples
and in vitro cultures [7, 8]. However, the default setting of
the XN-30 analyzer is insufficient for the precise detec-
tion of iRBCs from mouse blood sample. This is further
substantiated by analysis of blood samples from non-
infected healthy mice. The third parameter of the SSC
channel was tapped for another approach using three-
dimensional analysis adding SSC parameter to FSC and
SFL parameters.

Although the analysis of FCS files using Flowing soft-
ware allowed for more precise iRBC counts in infected
blood samples, false-positive dots were counted as iRBCs
even in non-infected blood samples (Fig. 2 and Additional
file 2: Table S1). This recognition was 0.0043 £0.0013%
and 0.01140.0057% in non-infected female and male
mice, respectively (Additional file 2: Table S1). The base-
line level of false-positive values became higher after
clearance of the parasites compared to naive blood sam-
ples as RBCs containing dead parasites, HJB-RBCs, and
polychromatic RBCs are being counted as iRBC. The
contribution of gametocytes to the parasitaemia count
was regarded as low, since gametocytes were not found
under the microscope. However, further studies to eval-
uate the influence of gametocytes in the parasitaemia
count is indeed necessary. Based on the present study,
less than 0.02% parasitaemia was considered false-pos-
itive (Fig. 4a and Additional file 2: Table S3). This value
is higher than that obtained with in vitro P falciparum
culture and human blood samples (~0.0004%, calculated
from 18 iRBCs/uL) [7].

The XN-30 system detected HJB-RBCs that are gen-
erally present in healthy mouse blood (Fig. 1(ii)). The
XN-30 system determined that the frequencies of HJB-
RBCs were 0.124+0.011% (female) and 0.214+0.026%
(male) (Additional file 2: Table S1). These values were
nearly comparable with previously reported values of
0.16% [9], 0.24+0.2% [10], 0.3% [11], and 0.52% [5] in
mouse blood samples. Healthy human blood samples
hardly contain HJB-RBCs; and when found in humans,
HJB-RBCs is associated with abnormal splenic func-
tions including asplenia or post-splenectomy [12]. Auto-
splenectomy resulting from sickle cell disease caused
by a mutation for malaria resistance induces important
clinical consequences [13]. Other causes are radiation
therapy involving the spleen, such as that used to treat
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Hodgkin lymphoma [14]. HJB-RBCs are also observed
in amyloidosis [15], severe haemolytic anaemia such as
thalassaemia [16], megaloblastic anaemia [17], hereditary
spherocytosis [18], heterotaxy with asplenia [19], and
myelodysplastic syndrome [20]. Thus, the quantitative
measurement capability of the XN-30 system for HJB-
RBCs would be useful for clinical evaluation.

The XN-30 analyzer detected polychromatic RBCs and
revealed fluctuation in their levels during infection. This
fluctuation reflects erythropoietic activity [21]. Although
the XN-30 analyzer fails to detect polychromatic RBCs
with lower signal intensity than the cut-off value in the
current setting of the SFL channel, at its present set-
ting counting of polychromatic RBCs can be achieved
and this technique would be useful for the evaluation of
erythropoietic activity.

For more accurate calculation of parasitaemia, the
iRBC region on the M and M(SSC-SEC) scattergrams was
manually gated for every infected blood sample. Further
consideration regarding an automated gating method
will be required for high-throughput analysis of parasite-
infected blood samples.

The present study focused on C57BL/6 mice infected
with the P yoelii 17XNL strain, but P yoelii 17XL and
P berghei ANKA strains and ICR mice have also been
examined. With any combination of mouse and parasite
strain, similar results were obtained (Additional file 1:
Figure S6). The XN-30 analyzer was capable of detect-
ing parasitaemia in infected mice, as well as permitting
the simultaneous analysis of haematological parameters.
Based on this it is also inferred that the XN-30 analyzer
should be useful for the detection of Babesia and Bar-
tonella, which also infect RBCs [22].

Conclusion

The XN-30 system permits simple, rapid, and precise
measurement of iRBCs in mouse blood samples infected
with rodent malarial parasites. Simultaneous haemato-
logical evaluation offers an important tool for correlat-
ing the physiological status of malaria-infected mice as
well as offering reliable, unbiased automation. Together
with the ability of the XN-30 analyzer to detect iRBCs
in patient blood, conduct biological analyses of erythro-
cytic-stage parasites, this system is also now available for
use in rodent models to study, screen and develop anti-
malarial drugs.



Tougan et al. Malar J (2018) 17:165

Additional files

Page 10 of 11

Funding

This study was partially supported by the Ministry of Education, Culture,
Sports, Science, and Technology, Grants-in-Aid for Scientific Research (C)
(25460754 and 16K08759) and UIC (University-Industry Collaboration) Gap

Additional file 1: Figure S1. Analysis of data obtained using the XN-30
analyzer on blood samples from healthy non-infected mice, related to
Fig. 1. Figure S2. M scattergrams re-analysed using the Flowing software
after parasite infection. Figure S3. Comparison between parasitaemias
determined using the XN-30 system and microscopy. Figure S4. Mor-
phological evidence of the high MCV and MPV values in infected blood
samples by microscopy. Figure S5. M scattergrams re-analysed using the
Flowing software after treatment with artemisinin. Figure S6. Re-ana-
lysed scattergrams of mouse blood samples infected with parasites.

Additional file 2: Table S1. Data of false-positive iRBCs and HJB-RBCs

in non-infected mice. Table $2. Comparison of parasitaemias obtained
using the XN-30 system and microscopy, related to Fig. 3. Table S3.
Comparison of parasitaemia, related to Fig. 4a. Table S4. Sequential
analysis of RBC count, related to Fig. 4b(i). Table S5. Sequential analysis of
WBC count, related to Fig. 4b(ii). Table S6. Sequential analysis of PLT value
count, related to Fig. 4b(iii). Table $7. Sequential analysis of HCT value,
related to Fig. 4b(iv). Table S8. Sequential analysis of MCV value, related to
Fig. 4b(v). Table S9. Sequential analysis of MPV value, related to Fig. 4b(vi).
Table S10. Sequential analysis of parasitaemia and the parameters after
treatment with artemisinin, related to Fig. 5.

Abbreviations

RBC: red blood cell; iRBC: infected RBC; HJB-RBC: Howell-Jolly body-containing
RBC; WBC: white blood cell; PLT: platelet; HCT: haematocrit; MCV: mean
corpuscular volume; MPV: mean platelet volume; FSC: forward scattered light;
SFL: side fluorescent light; SSC: side scattered light; PBS: phosphate-buffered
saline; R%: coefficient of determination; SD: standard deviation; CV: coefficient
of variation; RIMD: Research Institute for Microbial Diseases.

Authors’ contributions

TT, KU, and TH conceived and designed the study. TT performed most of
the experiments. YS, MI, KA, TO, and YT designed and conducted some
experiments and analysed the corresponding data. TT and YS drafted the
manuscript with input from all other authors. All authors read and approved
the final manuscript.

Author details

! Department of Molecular Protozoology, Research Institute for Microbial
Diseases, Osaka University, 3-1 Yamadaoka, Suita, Osaka 565-0871, Japan. 2 Sys-
mex Corporation, 4-4-4 Takatsukadai Nishiku, Kobe, Hyogo 651-2271, Japan.

Acknowledgements

We thank Ms. Toshie Ishisaka and Ms. Sawako Itagaki for their technical assis-
tance. We are grateful to Dr. Nirianne M Q Palacpac for discussions and English
editing.

Competing interests
YS, MI, YT, and KU are employees of Sysmex Corporation. KU holds a patent on
Lysercell M. YS has a patent pending on Fluorocell M.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Content for publication
Not applicable.

Ethics approval and consent to participate

The use of blood samples from healthy adult volunteers was approved by
the Sysmex ethics review committee (Approval Number: 2014-71). Informed
consent was obtained from all participants. Animal experiments were carried
out in accordance with the guidelines of the Research Institute for Microbial
Diseases of Osaka University (Approval Number: Biken-AP-H26-06-0).

Fund at Osaka University awarded to TT.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 29 January 2018 Accepted: 9 April 2018
Published online: 16 April 2018

References

1.

Fidock DA, Rosenthal PJ, Croft SL, Brun R, Nwaka S. Antimalarial drug dis-
covery: efficacy models for compound screening. Nat Rev Drug Discov.
2004;3:509-20.

Noed| H, Wongsrichanalai C, Wernsdorfer WH. Malaria drug-sensitivity
testing: new assays, new perspectives. Trends Parasitol. 2003;19:175-81.
Grimberg BT. Methodology and application of flow cytometry for investi-
gation of human malaria parasites. J Immunol Methods. 2011;367:1-16.
Somsak V, Srichairatanakool S, Yuthavong Y, Kamchonwongpai-

san S, Uthaipibull C. Flow cytometric enumeration of Plasmodium
berghei-infected red blood cells stained with SYBR Green I. Acta Trop.
2012;122:113-8.

Lelliott PM, Lampkin S, McMorran BJ, Foote SJ, Burgio G. A flow cytomet-
ric assay to quantify invasion of red blood cells by rodent Plasmodium
parasites in vivo. Malar J. 2014;13:100.

Lelliott PM, McMorran BJ, Foote SJ, Burgio G. In vivo assessment of rodent
Plasmodium parasitemia and merozoite invasion by flow cytometry. J Vis
Exp. 2015;98:e52736.

Hamaguchi'Y, Yoshida T, Suzuki Y, Okazaki T, Uchihashi K, Wada A. Over-
view of malaria detection technology achieved with automated hematol-
ogy analyzer XN-30. Sysmex J Int. 2017;27:1-6.

Tougan T, Suzuki Y, Itagaki S, Izuka M, Toya Y, Uchihashi K, Horii T. An auto-
mated haematology analyzer XN-30 distinguishes developmental stages
of falciparum malaria parasite cultured in vitro. Malar J. 2018;17:59.

Putz G, Rosner A, Nuesslein |, Schmitz N, Buchholz F. AML1 deletion

in adult mice causes splenomegaly and lymphomas. Oncogene.
2006;25:929-39.

. Shet AS, Hoffmann TJ, Jirouskova M, Janczak CA, Stevens JR, Adamson A,

et al. Morphological and functional PLT abnormalities in Berkeley sickle
cell mice. Blood Cells Mol Dis. 2008;41:109-18.

. Morohashi K, Tsuboi-Asai H, Matsushita S, Suda M, Nakashima M, Sasano

H, et al. Structural and functional abnormalities in the spleen of an mFtz-
F1 gene-disrupted mouse. Blood. 1999;93:1586-94.

Morris RS. The occurrence of nuclear particles in the erythrocytes follow-
ing splenectomy. Arch Int Med. 1915;15(4):514-7.

Booth C, Inusa B, Obaro SK. Infection in sickle cell disease: a review. Int J
Infect Dis. 2010;14:e2-12.

Hoekstra HJ, Tamminga RY, Timens W. Partial instead of complete sple-
nectomy in children for the pathological staging of Hodgkin disease. Ned
Tijdschr Geneeskd. 1993;137:2491-4.

Seo IS, Li CY. Hyposplenic blood picture in systemic amyloidosis. Its
absence is not a predictable sign for absence of splenic involvement.
Arch Pathol Lab Med. 1995;119:252-4.

Nomura Y, Nanjo K, Miyamura K, Harano T, Harano K, Ueda S. Beta
0-thalassemia due to a nonsense mutation at beta 90 (GAG—TAG) in
human hemoglobin gene. Jpn J Med. 1990,29:2-6.

Bain BJ. Prominent Howell-Jolly bodies when megaloblastic anemia
develops in a hyposplenic patient. Am J Hematol. 2014;89:852.

Seims AD, Breckler FD, Hardacker KD, Rescorla FJ. Partial versus total
splenectomy in children with hereditary spherocytosis. Surgery.
2013;154:849-53.

Erdem SB, Genel F, Erdur B, Ozbek E, Gulez N, Mese T. Asplenia in children
with congenital heart disease as a cause of poor outcome. Cent Eur J
Immunol. 2015;40:266-9.


https://doi.org/10.1186/s12936-018-2313-6
https://doi.org/10.1186/s12936-018-2313-6

Tougan et al. Malar J (2018) 17:165 Page 11 of 11

20. Mutlu H, Akca Z, Teke HU, Ugur H. Evaluation of peripheral blood smear on the ratio of polychromatic to normochromatic erythrocytes (P/N

for myelodysplasia in breast cancer patients who received adjuvant ratio). Mutagenesis. 1989;4:420-4.

anthracycline. Eurasian J Med. 2011;43:173-6. 22. McCullough J. RBCs as targets of infection. Hematology Am Soc Hematol
21. SuzukiY, Nagae', Li J, Sakaba H, Mozawa K, Takahashi A, et al. The micro- Educ Program. 2014;2014:404-9.

nucleus test and erythropoiesis. Effects of erythropoietin and a mutagen

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Application of the automated haematology analyzer XN-30 in an experimental rodent model of malaria
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Mice, parasites, and infection
	Measurement of parasitaemia
	Data analysis by Flowing software
	Drug treatment analysis
	Statistical analyses

	Results
	Evaluation of blood samples from non-infected healthy mice using the XN-30 analyzer
	Initial evaluation and re-analysis of the scattergrams obtained from P. yoelii-infected blood samples
	Parasitaemia and haematological evaluation of the blood samples from infected mice by using the XN-30 system
	Application of the XN-30 system to evaluate the efficacy of anti-malarial drugs

	Discussion
	Conclusion
	Authors’ contributions
	References




