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This study reported that Babesia bigemina (Bbig-SF) was continuously cultured in vitro in a serum-free medium
supplemented with a mixture of insulin-transferrin-selenite (M-ITS) and putrescine (Pu). Firstly, the effect of five
different types of basal culture media supplemented with 40% bovine serum was evaluated regarding the pro-
liferation of the protozoan parasite. Cultures with the advanced DMEM/F12 medium (A-DMEM/F12) showed the
highest percentage of parasitized erythrocytes (PPE) at 8.37%. Using A-DMEM/F12, a strain of B. bigemina (Bbig-
SF) was adapted for growth in bovine serum-free medium by a sequential reduction of serum and demonstrated a
maximum PPE of 7.18% in the absence of serum. The next study was the evaluation of the effect of adding four
different concentrations of M-ITS to the serum-free A-DMEM/F12 medium on Bbig-SF; the optimal concen-
trations of M-ITS were 2000, 1100, and 1.34 mg/L, which yielded a PPE of 7.23%. Next, eight levels of Pu were
evaluated on Bbig-SF cultured in serum-free A-DMEM/F12. After the addition of 0.1012 mg/L of Pu, the ma-
ximum PPE was 7.61%. When the combination of serum-free A-DMEM/F12 + M-ITS (2000, 1100, and 1.34 mg/
L) + Pu (0.1012 mg/L) was evaluated, it yielded a maximum PPE of 14.80%. Finally, the combination of M-ITS
+ Pu in A-DMEM/F12 without serum and incorporation of a perfusion bioreactor yielded a maximum PPE of
33.45%. We concluded these culturing innovations for B. bigemina in vitro allow the optimization of small- and
large-scale proliferation as a source of this protozoan parasite for future studies.

1. Introduction

have been made to the original method used to culture this protozoan,
which was developed 30 years ago. The standard procedure uses the M-

Bovine babesiosis is principally caused by Babesia bovis and Babesia
bigemina, which are protozoan parasites that invade the erythrocytes of
the vertebrate host. This disease is widespread in tropical and sub-
tropical regions of the world and causes great economic hardship due to
the losses in milk and meat production. These protozoa are transmitted
by Rhipicephalus (Boophilus) microplus and R. (Boophilus) annulatus ticks
[1,2].

There are no laboratory animal models that allow the proliferation
of B. bigemina. Thus, to obtain these parasites, it is necessary to use
bovine inoculation or in vitro culture; the latter was established by Vega
et al. [3]. This procedure has allowed researchers to obtain biological
material for diagnostic purposes [4], drug evaluation [5], and the
production of strains with immunogenic capacity [6]. Few changes
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199 culture medium with Earle's salts supplemented with a high level of
adult bovine serum (20-40% v/v) [7]. Serum is required for the pro-
liferation of the parasite; however, its composition presents very sig-
nificant qualitative and quantitative variations between batches
[8,9,10]. Furthermore, it contains toxic compounds such as proteases,
free radicals, and growth inhibitors that affect the proliferation of these
parasites [11,12].

So far, there have been very few studies that attempt to reduce or
eliminate the use of serum in the in vitro culture of B. bigemina, which is
an extremely demanding and difficult technique [13,14].Thus, it would
be very useful to find new methods that replace serum with essential
elements that enable the optimal growth of B. bigemina.

Recently, Rojas et al. [15] demonstrated that by using the advanced
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DMEM/F12 (A-DMEM/F12) medium supplemented with a mixture of
insulin-transferrin-selenite (M-ITS) it is possible to support the in-
creased proliferation of B. bovis in a culture medium free of bovine
serum; however, it has not been possible to completely eliminate serum
from the culture medium in the case of B. bigemina [3,13,14].

Moreover, it has been reported that polyamines such as putrescine,
spermine, and spermidine are aliphatic molecules involved in the pro-
liferation of protozoan cells and parasites [16]. For example, Trypano-
soma cruzi, Trypanosoma brucei, Leishmania spp., and Plasmodium spp.
depend on the presence of specific amounts of polyamines for pro-
liferation [17-19]. Very recently, Rojas-Martinez et al. [20] demon-
strated that the A-DMEM/F12 medium without bovine serum and
supplemented with putrescine (Pu) support the in vitro proliferation of
B. bovis. Regarding B. bigemina, there are no reports on the effect of
polyamines on its proliferation. Thus, the specific aims of this work
were to find an alternative to the standard basal medium, to eliminate
bovine serum from the culture medium, and to determine the optimal
concentration of the M-ITS and Pu separately and the combination of
M-ITS + Pu in A-DMEM/F12 medium for the proliferation in vitro B.
bigemina. The final objective was to evaluate the large-scale use of the
new formulation in a hollow-fiber perfusion bioreactor.

2. Materials and methods
2.1. Basal culture media and supplements

Five commercial culture media were used: advanced DMEM (A-
DMEM), advanced MEM (A-MEM), advanced RPMI 1640 (A-RPMI),
advanced DMEM/F12 (A-DMEM/F12), and M-199 with Earle's salts (M-
199) (GIBCO® Grand Island, NY, USA). The supplements used were 40%
(v/v) adult bovine serum, 25 mM TES 2-[(2-hydroxy-1, 1-bis (hydro-
xymethyl) ethyl) amino] ethanesulfonic, N-[Tris (hydroxymethyl) me-
thyl]-2-aminoethanosulphonic (Sigma-Aldrich, St. Louis, MO, USA),
and 2 mM r-glutamine (GIBCO®). Four concentrations of the insulin,
transferrin, and selenite (M-ITS) (GIBCO®) mixture were used (Table 1).
Eight concentrations of putrescine (Pu) were also evaluated
(0.0063-0.810 mg/L) (Sigma-Aldrich). The cryoprotectant used was
polyvinylpyrrolidone-40 (PVP-40) (Sigma-Aldrich) at 20% (w/v) in A-
DMEM/F12 medium. The solution used for washing and storage of
erythrocytes was A-DMEM/F12 + antioxidant mixture (Sigma-Al-
drich). The pH of the media and supplements was adjusted to 6.8 with
1 M HCL. They were sterilized by filtration with a 0.22 um membrane
(Millipore).

2.2. Experimental animals

Erythrocytes and serum were obtained from two one year-old Bos
taurus (Holstein Friesian) bovines free of Anaplasma marginale and
Babesia spp. To confirm the absence of Babesia bovis, B. bigemina, and A.
marginale, bovine blood samples were analyzed utilizing the nested
polymerase chain reaction (n-PCR) as reported by Figueroa et al. [21].
The animals were handled according to the guidelines for good man-
agement and animal welfare established by NOM-062-ZO0-1999

Table 1
Addition of mixtures of insulin-transferrin-selenite to the basal A-DMEM/F12 medium for
the in vitro proliferation of Babesia bigemina.

A-DMEM/F12 I I 11 v M-199°
Mixtures 0
I 500 1000 2000 4000 0
T 250 550 1100 2200 0
S 0.335 0.67 1.34 2.68 0

I insulin; T transferrin; S selenite; each component concentration is expressed as mg/L.
2 As a control M-199 culture medium supplemented with 40% (v/v) bovine serum.
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(Technical specifications for production, care, and use of laboratory
animals) in México (http://www.senasica.gob.mx/?doc =743).

2.3. Erythrocytes and serum

The blood was collected from the jugular vein and defibrinated with
glass beads. Serum separation was performed by centrifugation at
450 X g at 4 °C for 30 min. The serum was stored at — 20 °C. The buffy
coat was discarded and the collected erythrocytes were washed three
times with A-DMEM/F12 + antioxidant. They were then resuspended
in the same solution in a 1:2 proportion and stored at 4 °C. Thereafter,
the erythrocytes and serum were irradiated with a cobalt-60 source at
70 Gy and 25KkGy, respectively [22]. Irradiated erythrocytes were
stored at 4 °C and irradiated serum was aliquoted into 20 ml aliquots
and stored at — 20 °C until use.

2.4. In vitro culture of Babesia bigemina

One cryostabilate of an attenuated strain of B. bigemina (BIS) [22]
containing 1 x 10® infected erythrocytes in 1 ml was removed from the
liquid nitrogen, thawed at 30 °C, and resuspended in 50 ml of medium
M-199 + 40% bovine serum. Afterwards, the erythrocytes were cen-
trifuged at 450 X g and 30 °C for 30 min. The supernatant was dis-
carded, and the resulting pellet was resuspended in 800 ul of ery-
throcytes (10% v/v) in medium M-199 + 40% (v/v) bovine serum and
transferred to a 24-well plate. The culture was maintained in an in-
cubator at 37 °C with a gas mixture of 90% N, 5% CO,, and 5% O at
constant pressure. The various assays were initiated when the in vitro
culture of B. bigemina was in log-phase proliferation with a percentage
of parasitized erythrocytes (PPE) over 5%. Routine management con-
sisted of replacing the culture medium every 24 h, subculturing when
any treatment reached a PPE of 4%, and adjusting to 1% to reinitiate
cultures. When the PPE was equal to or lower than 1%, a 1:2 subculture
dilution with the 10% donor erythrocytes was performed. Thin smears
fixed with absolute ethanol and stained with Giemsa were prepared
from each well to monitor the proliferation of parasites. The PPE was
calculated by counting 5000 erythrocytes per smear. The experiments
were conducted in triplicate with three replicates.

2.5. Selecting an optimal culture medium for the in vitro proliferation of
Babesia bigemina

Five basal culture media were evaluated: A-DMEM, A-MEM, A-
RPMI, A-DMEM/F12, and M-199. The media were supplemented with
40% (v/v) bovine serum. The initial PPE was 1%. The culture super-
natant was changed every 24 h, and the subcultures were carried out
when the PPE reached 4% with an adjustment to 1% to reinitiate cul-
tures.

2.6. Elimination of bovine serum from the in vitro culture of Babesia
bigemina

The basal medium used was A-DMEM/F12, and M-199 was used as
a control. The concentration of serum was gradually reduced: 40, 30,
20, 10, 5, 1, 0.5, and 0% (v/v) for both media. The criteria for reducing
the concentration of serum was cultures with a PPE of 4% or higher
over a minimum of three consecutive subcultures. For each con-
centration of bovine serum utilized, the parasites were adapted.
Infected and uninfected red blood cells were washed twice with A-
DMEM/F12 before proceeding to the next concentration of serum. B.
bigemina that adapted to and proliferated in the serum-free medium
were renamed Bbig-SF.
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2.7. Effect of adding the mixture of insulin, transferrin, and selenite (M-
ITS) to the A-DMEM/F12 medium on the in vitro proliferation of Babesia
bigemina

In this assay, Bbig-SF was cultured in A-DMEM/F12 supplemented
with four concentrations of M-ITS (Table 1). The control treatment was
B. bigemina (BIS) cultured in medium M-199 supplemented with 40%
(v/v) bovine serum.

2.8. Effect of adding different concentrations of putrescine (Pu) to the
serum-free A-DMEM/F12 on the in vitro proliferation of Babesia bigemina

Bbig-SF was cultured in vitro in serum-free A-DMEM/F12 supple-
mented with eight different concentrations of Pu: 0.006, 0.013, 0.025,
0.051, 0.101, 0.203, 0.405, and 0.810 mg/L. The control treatment was
B. bigemina (BIS) cultured in medium M-199 supplemented with 40%
(v/v) bovine serum.

2.9. Effect of the combination of Pu and M-ITS to the serum-free A-DMEM/
F12 on the in vitro proliferation of Babesia bigemina

Bbig-SF were used, and the A-DMEM/F12 medium was supple-
mented with M-ITS (insulin 2000 mg/L; transferrin 1100 mg/L; selenite
1.34 mg/L) and Pu (0.101 mg/L). The control treatment was B. bige-
mina (BIS) cultured in medium M-199 supplemented with 40% (v/v)
bovine serum. The culture was carried out as previously described by
Rojas-Martinez et al. [20].

2.10. Large-scale in vitro proliferation of Babesia bigemina in a hollow-fiber
perfusion bioreactor system (HFPBS)

Bbig-SF was used for this assay, and the cultured medium was A-
DMEM/F12 + Pu + M-ITS. Erythrocytes (1 ml) with a PPE of 4% were
transferred to a 75 cm? culture flask, and 50 ml of culture medium with
10% (v/v) uninfected erythrocytes were then added. When a PPE of 7%
was reached, the contents of the flask were centrifuged at 450 x g and
30 °C for 30 min. The resulting cell pellet (5 ml) was mixed with 45 ml
(v/v) of uninfected erythrocytes and was then resuspended in 50 ml of
serum-free A-DMEM/F12 + Pu + M-ITS. This final suspension was
transferred to the HFPBS (FiberCell® System, MD, USA).Two hundred
and fifty milliliters of A-DMEM/F12 + Pu + M-ITS were in constant
circulation [23]; the HFPBS was maintained in an incubator at 37 °C
with a gas mixture of 90% N», 5% CO,, and 5% O, at constant pressure.
The erythrocytes contained in the cartridge were removed and washed
with A-DMEM/F12 medium. The culture medium was replaced every
24 h (250 ml) [20]. Similar culture conditions were followed for the
control treatment, where medium M-199 + 40% bovine serum was.
Infected erythrocytes were harvested every 24h. After every har-
vesting, cultures were restarted by using 5 ml of erythrocytes 7% in-
fected and 45ml (v/v) of uninfected erythrocytes as previously de-
scribed. The PPE was monitored daily by microscopic examination of
thin smears stained with Giemsa.

2.11. Cryopreservation of Babesia bigemina adapted to proliferate in serum-
free medium

Erythrocytes were extracted from the HFPBS and centrifuged at
450 X g and 30 °C for 30 min. The supernatant was then discarded and
the pellet was cryopreserved. Briefly, the erythrocytes were washed
twice with A-DMEM/F12 medium, and the sediment cells were re-
suspended in one-fifth of the volume of the cryopreservation solution,
which consisted of A-DMEM/F12 medium containing 20% (w/v) PVP-
40 + 40% (v/v) bovine serum that constantly agitated to mix the
contents. This suspension was left undisturbed for 10 min at room
temperature for equilibration before adding the rest of the cryopre-
servation solution for a final proportion of 1:2 (v/v). The suspension
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was distributed in 2 ml cryogenic vials and kept at — 70 °C for 24 h and
then transferred to liquid nitrogen. Cultured B. bigemina in control
medium were washed with medium M-199 and cryopreserved as in-
dicated, but M-199 + 20% (w/v) PVP-40 + 40% (v/v) bovine serum
was used to store the harvested material.

2.12. Statistical analysis

The statistical analysis consisted of a comparison between the mean
values of PPE. This was done by analysis of variance (ANOVA) with a
significance level of P < 0.05. A Student's t-test was used to assess the
effect of A-DMEM/F12 medium with supplements compared to medium
M-199, with a significance level of P < 0.05.

3. Results

3.1. Selecting an optimal basal medium for the proliferation in vitro of B.
bigemina

Of the five evaluated media, parasites cultured in A-DMEM/F12
showed the best PPE when compared to maximum growth of parasites
in the control medium M-199 (8.37% vs. 2.38%). Parasites grown in the
other media tested had maximum PPE values as follows: A-DMEM
(2.85%), A-MEM (4.22%), and A-RPMI (4.86%). At 7 days post-initia-
tion of culture, only the A-DMEM/F12 medium was able to maintain a
constant increase of the B. bigemina proliferation with subcultures
performed every 24 h (Fig.1).

3.2. Elimination of bovine serum in the in vitro culture of B. bigemina

B. bigemina was successfully adapted to proliferate in a serum-free
medium. A maximum PPE of 7.09% was reached 4 days post-initiation
of culture with the serum-free A-DMEM/F12 medium. Using the control
medium (M-199), the concentration of serum could only be reduced to
20% with a PPE of 0.15%. Three days after culture initiation, sub-
cultures were carried out every 24 h for each of the different bovine
serum concentrations (Fig. 2). The subcultures were performed when
the PPE was greater than or equal to 4% and was adjusted down to 1%.
No apparent morphological alterations in parasite morphology were
detected under microscopic observation (not shown).

3.3. Effect of the addition of the mixture of insulin, transferrin, and selenite
(M-ITS) to the A-DMEM/F12 medium on the proliferation of Babesia
bigemina in vitro

The M-ITS III (I 2000, T 1100, S 1.34 mg/L) yielded a maximum PPE
of 7.23%, which is a significantly higher result compared to the PPEs
determined in cultures with other treatments (P < 0.05). Subcultures
were carried out every 24 h during the 10 days of the experiment. The
maximum PPE values obtained with the other mixtures were: MI
(4.6%), M-I (4.83%), and M-IV (3.67%) (Fig. 3). For the control
treatment (M-199 with 40% serum), the maximum PPE reached was
4.5% 1 day post-initiation of culture; it then decreased, and no parasites
were observed by optical microscopy after day 7 (not shown).

3.4. Effect of the addition of different concentrations of putrescine to the
serum-free A-DMEM/F12 on the in vitro proliferation of B. bigemina

The optimal concentration of Pu that support the highest pro-
liferation of Bbig-SF in cultures was 0.101 mg/L, which yielded a
maximum PPE of 7.61% at day 10 post-initiation of culture, which was
significantly higher than the PPEs determined for the other culture
treatments (P < 0.05). This significant difference was observed in
seven consecutive subcultures over a period of 10 days (Fig. 4). The
parasites showed no apparent morphological changes under light mi-
croscopy observation (not shown). The control medium (M-199 + 40%
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Fig. 1. Evaluation of five culture media supplemented with 40% bovine serum for the in vitro proliferation of B. bigemina. Each value represents the mean and standard deviation of the
procedure in triplicate. Average percentages of parasitized erythrocytes (PPE) obtained with the culture media used in ten subcultures. Subcultures were carried out when the PPE
reached 4% and then adjusted to 1%. If the PPE was equal to or lower than 1%, a 1:2 subculture dilution was then performed. Subcultures are not shown in the figure.

bovine serum) yielded a maximum PPE of 3.12% at day 2 post-initia-
tion of culture. No parasites were observed under microscopic analysis
after day 6. In cultures with Pu concentrations lower than 0.0506 mg/L,
the maximum PPE was 0.33% at 24 h post-initiation of culture. No
parasites were observed after 5days. Morphological changes in

MEDIA + 40% BS
OA-DMEM/F12 = CONTROL M-199

anaplasmoid forms were observed in the parasites at concentrations of
0.405 mg/L or higher, and the maximum PPE was 0.38%. No parasites
were observed after day 4.

MEDIA + 30% BS

OA-DMEM/F12 = CONTROL M-199

8 8
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Fig. 2. Sequential adaptation of B.bigemina to grow in serum-free A-DMEM/F12 medium. Bovine serum (BS) concentrations used in culture medium: 40%, 30%, 20%, 10%, 5%, 1%, 0.5%,

and 0%. These values represent the mean of each treatment and the standard deviation of the

procedure in triplicate. Whenever a culture treatment reached a percentage of parasitized

erythrocytes (PPE) greater than or equal to 4%, it was adjusted to 1% with 10% of erythrocytes + A-DMEM/F12 (v/v). When the treatments had a PPE lower than or equal to 1%, a
dilution was performed (1,2). Subcultures were carried out every 24 h 3 days after starting the use of serum-free medium. The subcultures are not indicated in the graphs. At least five
consecutive subcultures were carried out with each higher concentration of BS before using the next lower concentration of BS.
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Fig. 3. Evaluation of the addition of four concentrations of the mixture of insulin, transferrin, and selenite (ITS) to serum-free A-DMEM F/12 medium on the in vitro proliferation of B.
bigemina. (Bbig-SF). Mixtures: MI 500-250-0.335; MII 1000-550-0.67; MIII 2000-1100-1.34; MIV 4000-2200-2.68. The control treatment was B. bigemina (BIS) in M-199 supplemented
with 40% (v/v) of bovine serum (BS). The values represent the mean and standard deviation of each treatment with the procedure in triplicate. Subcultures were made when cultures of
any treatment reached a percentage of parasitized erythrocytes (PPE) of 4% and then adjusted to 1% (not shown). When the PPE was lower than or equal to 1%, a 1:2 culture dilution was

made.

3.5. Effect of the combination of the mixture of insulin, transferrin, and
selenite and putrescine to the serum-free A-DMEM/F12 on the in vitro
proliferation of B. bigemina

The continuous in vitro proliferation of Bbig-SF was successfully
achieved using the combination of A-DMEM/F12 culture medium
supplemented with Pu (0.101 mg/L) and M-ITS (2000, 1100, 1.34 mg/
L). The maximum PPE yielded in cultures with this treatment was sig-
nificantly higher (P < 0.05) than the control treatment (M199 + 40%
bovine serum) (14.80% vs. 4.12%). The effect of A-DMEM/F12 + ITS
+ Pu on parasite cultures allowed the continuous cultivation of Bbig-SF
having to perform subcultures every 24 h. It was not necessary to pre-

adapt the parasite population to this culture medium, and no mor-
phological changes were observed by light microscopy (Fig. 5).

3.6. Large-scale proliferation of B. bigemina in a hollow-fiber perfusion
bioreactor system (HFPBS) using serum-free A-DMEM/F12 + ITS + Pu

The use of an HFPBS and medium with A-DMEM/F12 supplemented
with Pu and M-ITS to culture Bbig-SF allowed a maximum PPE yield of
33.45%. This yield was obtained after three subcultures post-initiation
of culture with a frequency of subcultures every 24 h. Parasites grown
in the HFPBS with the control (M199 + 40% bovine serum) yielded a
maximum PPE of 28.75% at day 5. The first subculture of parasites

PUTRESCINE CONCENTRATION (mg/L)

-+A--0.0063 ---#--- 0.0126 ----a--- 0.0253 — = —0.0506 —— 0.1012 —0—-0.2025 —5— 0.405 —% - 0.81 mg/L - <> - CONTROL M-199 + 40% BS

PPE (%)

DAYS OF CULTURE

Fig. 4. Evaluation of eight putrescine concentrations in serum-free A-DMEM/F12 for the in vitro proliferation of B. bigemina (Big-SF). The control treatment was B. bigemina (BIS) in
medium was M199 + 40% bovine serum (BS). PPE: percentage of parasitized erythrocytes. The values represent the mean standard deviation of the procedure in triplicate. The
subcultures are not represented in the graph; they were performed when any treatment reached a PPE of 4% (adjusted to 1%). When the PPE was lower than or equal to 1%, a 1:2 culture

dilution was made.



C. Rojas-Martinez et al.

—4— A-DMEM/F12 + Pu + M- TS

PPE (%)

--+--CONTROL M-199 + 40 % BS

Parasitology International 67 (2018) 294-301

Fig. 5. Evaluation of A-DMEM/F12 serum-free + Pu
(0.1012 mg/L) + M-ITS (I 2000, T 1100, S 1.34 mg/L) on
the proliferation of B. bigemina (Bbig-SF). compared to BIS
in M-199 + 40% bovine serum (BS). PPE: percentage of
parasitized erythrocytes. The values represent the mean and
standard deviation of three repetitions for each treatment.
Subcultures were made every 24 h (not shown).

DAYS OF CULTURE

OA-DMEM/F12 +ITS + PU

DAYS OF CULTURE

S M-199 + 40% BOVINE SERUM

Fig. 6. Large-scale in vitro proliferation of B. bigemina (Big-SF) in a HFPBS using A-DMEM/F12 medium + putrescine (Pu) (0.1012 mg/L) + insulin, transferrin, and selenite (ITS) (2000,
1100, 1.34 mg/L respectively) without bovine serum (BS). The control treatment was B. bigemina (BIS) in medium that was M199 + 40% BS; A) the values represent the mean and
standard deviation of three repetitions. PPE: percentage of parasitized erythrocytes. In each subculture, the PPE was adjusted to 7% with a suspension of uninfected erythrocytes of 10%
(v/v) in the corresponding culture medium. B) B. bigemina harvested from the HFPBS using A-DMEM/F12 + Pu + M-ITS showed no morphological change under optical microscopy.

grown in the HFPBS with the medium A-DMEM/F12 supplemented
with M-ITS and Pu was performed at day 2, and then every 24h
thereafter, reinitiating with a PPE of 7% (Fig. 6A). No morphological
changes in cultured Bbig-SF parasites with both media were observed
by light microscopy (Fig. 6B). The erythrocytes extracted from the
HFPBS with A-DMEM/F12 medium were cryopreserved in 2 ml vials,
each with a concentration of 1 x 10°® infected erythrocytes. Three
months after cryopreservation, a cryovial from each frozen batch was
thawed and cultures were reinitiated in the same medium that they
were cultivated in prior to cryopreservation (data not shown).

4. Discussion

This study demonstrated for the first time that the removal of bovine
serum from traditional culture medium for the in vitro cultivation of B.
bigemina (Bbig-SF), can be achieved for a very fastidious Babesia species
for successful in vitro culture proliferation. Furthermore, the use of A-
DMEM/F12 supplemented with specific concentrations of the M-ITS
and Pu made it possible to greatly increase the proliferation rate of the
Bbig-SF parasites in culture plates and obtain an even higher rate in a
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HFPBS.

The use of an alternative culture medium consisting of A-DMEM/
F12 + 40% bovine serum yielded a PPE of 8.37%. The intervals be-
tween subcultures were shortened to 24 h 3 days post-initiation of
culture. These results differ from those reported in other studies that
used the standard culture medium for Babesia parasites (M-199 + 40%
bovine serum) in which a PPE of 2.5% was obtained, and subcultures
were performed every 72 h [3,24]. By using the A-DMEM/F12 medium
and sequentially reducing the concentration of serum from 40% down
to 0%, it was possible to adapt B. bigemina to proliferate in a culture
medium free of bovine serum with a maximum PPE of 7.08% at day 4
post-initiation of culture. This study demonstrates for the first time that
bovine serum was completely removed from the culture medium for the
successful and continuous in vitro proliferation of B. bigemina. The
parasites were likely able to adapt due to the gradual reduction of the
bovine serum concentration and because the A-DMEM/F12 medium
contains the minimum essential components that can replace bovine
serum. The addition of the ITS mixture was also a key factor [25,26].
Moreover, the commercial A-DMEM/F12 medium contains hypox-
anthine, a factor derived from adult bovine serum that promotes cell
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growth. Hypoxanthine is a purine that some protozoans [27], including
B. bovis, cannot synthesize de novo but require it for proliferation and
DNA synthesis [28]. A study by Neves et al. [13] using RPMI medium
supplemented with hypoxanthine managed to reduce the concentration
of bovine serum down to 10% and successfully cultured B. bigemina.
Similar results were obtained in an experiment that studied in vitro
cultures of Plasmodium falciparum that demonstrated increased pro-
liferation in a serum-free medium [29,30]. In the cultivation in vitro of
B. cabadlli, supplementation the HL-1 culture medium with hypox-
anthine, lipids, and Albumax I allowed the removal of the equine serum
[31]. In the current study, it was not possible to completely remove
bovine serum when using the M-199 medium. B. bigemina was only able
to proliferate in cultures having a serum concentration of 20%. Other
studies have reported that this standard medium supports the pro-
liferation of the parasite when it is supplemented with 40% bovine
serum and subcultures are performed every 72 h [3].

When the A-DMEM/F12 medium was supplemented with the op-
timum concentration of the M-ITS (2000 1100, 1.34 mg/L, respec-
tively), it supported the proliferation of the Bbig-SF parasites 24 h post-
initiation of culture. The PPE increased constantly until it reached
7.23% on day 10 post-initiation of culture and performing subcultures
every 24 h. No apparent morphological changes were observed by light
microscopy. It was previously reported that the ITS mixture is essential
to reduce or eliminate the concentration of serum in the in vitro culti-
vation of different cell lines; however, the optimal concentration of ITS
mixture might be different for each cell and organism [12,25,32]. Rojas
et al. [15] reported that by adding the M-ITS to serum-free A-DMEM/
F12 for the in vitro cultivation of B. bovis, it provided a parasite yield
PPE of up to 9.7% as compared to the PPE value of 7.23% obtained in
this study with B. bigemina. This result suggests that, although the
conditions were essentially the same, the increase in PPE depends on
the species of parasite grown in vitro. Previous reports mentioned that
by using GIT culture medium that contains ITS, it was possible to sti-
mulate the proliferation of P. falciparum without serum [29]. The ITS
mixture fulfills specific functions. Insulin facilitates glucose intake by
the cells.

It has been shown that erythrocytes infected with P. falciparum
absorb 26 times more glucose than uninfected erythrocytes [33].
Transferrin is a protein of the globulin group that can capture, collect,
and transport iron to different cells and tissues. Iron is important for the
synthesis of hemoglobin in erythrocytes. Hemoglobin represents 95% of
the cytosolic proteins of erythrocytes, and between 60% and 80% is
consumed during the intraerythrocytic cycle of P. falciparum [34,35].
Sodium selenite is essential for various important biological functions,
such as antioxidant protection by selenoenzymes, specific inhibition of
tumor cell growth by metabolites, modulation of the apoptosis cell
cycle, and DNA repair [36]. Miiller et al. [37] mentioned that the de-
velopment of P. falciparum within a cell requires effective antioxidant
systems since an infected erythrocyte is vulnerable to oxidative stress
caused by the degradation of hemoglobin [38]. Gamain et al. [39]
observed an increase in the number of parasites when supplementing
selenium in the culture medium for P. falciparum and higher glutathione
peroxidase activity when the parasites had undergone oxidative stress.
The study showed that this enzyme is dependent on the concentration
of selenium. Even though high concentrations of selenium cause cyto-
toxicity in P. falciparum [40], reports indicate that sodium selenite with
copper sulfate can be used as a new antimalarial therapy [41].

When the A-DMEM/F12 medium was supplemented with the op-
timal putrescine concentration (0.1012 mg/L), the PPE reached its
highest value at 7.61%. This PPE value was higher than the 6.23%
reported for B. bovis under the same in vitro conditions and at the same
concentration. Morphological alterations, such as anaplasmoid forms,
were observed in Babesia parasites cultured in medium containing Pu
concentrations higher than 0.2025 mg/L [20]. Miiller et al. [42]
showed that the proliferation of P. falciparum was dependent on the
concentration of polyamines. Previously, Rzepczyk et al. [43] reported
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high concentrations of spermine (1 mM) and the polyamine oxidase
(100 pg/ml) in the in vitro culture of P. falciparum. Reports also indicate
that this enzyme stimulates its proliferation in vitro during the in-
traerythrocytic stage [18,37]. High concentrations of polyamines have
also been associated with pathogenicity [44]. In silico analysis of the
genome sequence indicates that it does not synthesize polyamines de
novo [28]; thus, B. bovis possibly obtains them from the culture
medium, the serum, or from bovine erythrocytes. The biosynthesis of
polyamines in the phylum Apicomplexa has not been well-characterized
[16]. This is the first study that evaluates the effect of putrescine on the
in vitro proliferation of B. bigemina.

The combination of A-DMEM/F12 + M-ITS (2000, 1100, 1.34 mg/
L) + Pu (0.1012 mg/L) yielded a higher PPE (14.80%) in treated Bbig-
SF cultures than in cultures that added these separately. Similar results
have been previously reported for B. bovis [20] that suggest this method
can be used to stimulate the proliferation of other Babesia species. Vega
et al. [3] evaluated the F12 nutrient mixture supplemented with 50% of
bovine serum in the in vitro cultivation of B. bigemina and obtained a
maximum PPE of 0.200% at 24 h post-initiation. When the components
are used independently in the culture medium, they are not able to
stimulate the proliferation of the parasite. Bottenstein and Sato [45]
reported that there was little or no effect on the proliferation of a rat
neuroblastoma cell line when serum-free medium, ITS, progesterone, or
Pu were evaluated individually. However, the combination of the ele-
ments caused an increase in cell density, a similar result to that ob-
tained with culture medium supplemented with 10% fetal serum. A
similar effect on the in vitro culture system for the B. bigemina strain
evaluated in this study is possible.

In a HFPBS, the use of serum-free A-DMEM/F12 medium supple-
mented with the M-ITS and Pu to stimulate the proliferation of Bbig-SF
yielded a higher PPE than cultures added with medium M-199 + bo-
vine serum 40% (33.45% vs. 28.75%, respectively). This is similar to
the results obtained in the in vitro cultivation of B. bovis in a HFPBS
containing serum-free medium supplemented with Pu-ITS [20].

The HFPBS facilitates low-shear and hydrodynamic conditions and
allows exchange of gas and nutrients for intraerythrocytic parasite
cultivation. This creates ideal conditions for maintaining B. bigemina
and B. bovis cultured in vitro. In another study, the HFPBS was adapted
to culture P. falciparum at high parasite densities in a high hematocrit
(40%) [23]. This culture system provides an excellent source of para-
sites needed for future studies that will enable a better understanding of
phylogenetic relationships of the different species of Babesia. This cul-
ture system can also contribute to different studies that can involve host
cell invasion and pathogen-vector interactions as well as the production
of soluble and particulated immunogens to develop live and/or re-
combinant vaccines.

5. Conclusions

Bovine serum-free A-DMEM/F12 culture medium supplemented
with M-ITS and Pu allowed for the continuous in vitro proliferation of B.
bigemina. The elimination of bovine serum from the in vitro culture of B.
bigemina reduced the risk of contamination with adventitious agents
and diminished the cost of producing large volumes of Babesia-infected
erythrocytes. The HFPBS permits a higher density of erythrocytes and a
greater harvest of B. bigemina infected erythrocytes using a serum-free
medium.
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