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ABSTRACT Human babesiosis is an emerging zoonotic infectious disease caused by
intraerythrocytic protozoan parasites of the genus Babesia. Most cases of human
babesiosis are caused by Babesia microti and often manifest in individuals over the
age of 50 years or in patients with a compromised immune system. Patients who
develop symptomatic B. microti infections usually experience months of asymptom-
atic infection after the acute infection has resolved. About one-fifth of B. microti-
infected adults never develop symptoms. These asymptomatically infected individu-
als sometimes donate blood and thus can transmit B. microti through blood
transfusion. Current assays for detection of active B. microti infections can be used
to screen donor blood prior to transfusion, but they rely primarily on microscopy or
PCR methods, which have sensitivity and technical limitations. Here we report the devel-
opment of an antigen capture enzyme-linked immunosorbent assay (BmGPAC) based on
a major secreted immunodominant antigen of B. microti (BmGPI12/BmSA1), and we pro-
vide evidence that this assay is superior for detection of active B. microti infections,
compared to available microscopy methods and serological assays. The assay has
been evaluated using supernatants of B. microti-infected erythrocytes cultured in
vitro, sera from B. microti-infected laboratory mice, and sera from wild mice and hu-
man patients. Our data suggest that the BmGPAC assay is a reliable assay for detec-
tion of active B. microti infections and is superior to real-time PCR and antibody as-
says for diagnosis of acute B. microti infections, screening of the blood supply, and
epidemiological surveys of humans and animal reservoir hosts.
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Human babesiosis, which is caused by intraerythrocytic apicomplexan parasites of
the genus Babesia, is an emerging infectious disease with global distribution (1).

Among the five species of Babesia that infect humans, Babesia microti is responsible for
most cases of human babesiosis reported to date. Although this parasite is transmitted
primarily by ixodid ticks, blood transfusion is another important route of infection (1).
Common babesiosis symptoms include fever, fatigue, chills, sweats, headache, myalgia,
arthralgia, and/or anorexia. Laboratory abnormalities include thrombocytopenia, he-
molytic anemia, and/or elevated liver enzymes (1). Severe symptoms are often expe-
rienced by patients with a compromised immune system due to asplenia, cancer, or HIV
infection and by those who acquire the infection through blood transfusion. Death
resulting from B. microti infection has been reported in up to one-fifth of such patients
(2–5). In states in which babesiosis was reported prior to 2011, a recent assessment by
the U.S. Food and Drug Administration (FDA) showed that, in the 5-year period ending
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in 2015, 3 of 18 fatal transfusion-related infections in the United States were caused by
babesiosis (6).

In 2011, babesiosis was added to the CDC list of notifiable diseases (7). The number
of babesiosis cases reported to the CDC increased from 1,124 in 2011 to 1,613 in 2016.
However, because immunocompetent individuals are often asymptomatic, with sub-
microscopic levels of parasitemia, the incidence of babesiosis is likely to be significantly
underestimated (1). Recently, Stein and colleagues analyzed Wisconsin babesiosis
surveillance data for 2001 to 2015, in 3-year periods, and found that the incidence of
confirmed babesiosis increased 26-fold (8). This increase in the occurrence of babesiosis
was concomitant with the geographic expansion of the vector (8). There have been
concomitant increases in both tick-transmitted infections and transfusion-transmitted
infections (9).

Various laboratory diagnostic methods, including microscopy, immunofluorescence
assay (IFA), and PCR methods, have been developed for the detection of B. microti
infections. In 2017, a nucleic acid-based test (Procleix Babesia; Grifols) received approval
for use for blood screening under a U.S. FDA investigational new drug application. The
assay can detect B. microti, Babesia duncani, Babesia divergens, and Babesia venatorum
in human whole blood (10), with the 95% lower limit of detection (LOD) ranging from
7.10 to 13.51 copies/ml. For B. microti (n � 9), the sensitivity of the Grifols assay at 95%
LOD ranged from 0.64 to 3.61 parasites/ml. Furthermore, two investigational assays, the
Immunetics enzyme immunoassay (EIA) and the Imugen arrayed fluorescence immu-
noassay (AFIA) for the detection of antibodies to B. microti, have been considered for
screening of the blood supply. These assays have been used for seroprevalence
analyses in regions in which babesiosis is endemic and regions in which it is not
endemic; the reported rates varied from 0.28 to 0.75% and from 0.025 to 0.13%,
respectively, with equivalent specificities varying from 99.93 to 99.98% (11–13). While
DNA-based techniques can be specific and sensitive, they can also detect residual
parasite DNA in the absence of active infection. Similarly, assays that detect antibodies
to B. microti can provide positive signals even after the infection has been eliminated.

The completion of genome sequencing and annotation of the B. microti R1 clinical
isolate in 2012 (14) and the subsequent DNA and RNA sequencing of other clinical and
field strains isolated from patient blood or infected ticks created a unique opportunity
to identify new drug targets and novel antigens for diagnosis of active B. microti active
infections (15–17). Recently, a multidisciplinary approach combining in silico analysis
and immunoproteomics identified BmGPI12 (also known as BmSA1) as a glycosylphos-
phatidylinositol (GPI)-anchored protein and an immunodominant antigen of B. microti
(16, 17). BmGPI12 is a member of the B. microti BMN multigene family (18) and was
shown previously to be present in sera from B. microti-infected hamsters (19). Using
sera from B. microti-infected mice, it was shown that anti-BmGPI12 IgM and IgG
antibodies can be detected as early as 4 days and 8 days postinfection, respectively (16,
17). Antibodies against this protein were also detected in sera of Babesia-infected wild
mice and humans (17). Although detection of anti-BmGPI12 IgM and IgG antibodies in
sera of humans and mice is specific to B. microti and is highly sensitive, the assay cannot
reliably distinguish between past and current infections. Here we show that an antigen
capture (BmGPAC) assay for detection of secreted BmGPI12 protein in plasma or serum
from humans and animals is a superior method and results correlate with active B.
microti infection.

MATERIALS AND METHODS
Mouse and parasite strains. All experimental protocols involving animals followed Yale University

institutional guidelines for the care and use of laboratory animals and were approved by the institutional
animal care and use committee at Yale University. Rules for ending experiments in mice were to be
followed if animals showed any signs of distress or appeared moribund. Parasitemia was determined by
light microscopy, by counting a minimum of 5,000 red blood cells (RBCs) on Giemsa-stained blood
smears. The B. microti LabS1 and PRA-99 strains were routinely maintained in SCID mice. SCID (CB17/
Icr-Prkdcscid/IcrIcoCrl) mice, Swiss Webster outbred [Crl:CFW(SW)] mice, and BALB/c inbred mice were
purchased from Charles River Laboratories. Both Swiss Webster mice and BALB/c mice were used in two
independent in vivo studies. Sera from wild-caught white-footed mice (Peromyscus leucopus) caught in
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the towns of North Branford, Redding, and Storrs, Connecticut, were collected as reported previously
(17).

Patient sera. Blood was drawn from B. microti-infected patients into serum collection tubes and
subjected to centrifugation at 1,300 � g. Blood collections were performed according to Yale University
human investigation committee guidelines.

Animal injection, plasma and serum collection, DNA extraction, and PCR methods. Groups of
mice consisting of 5 Swiss Webster males, 5 Swiss Webster females, 5 BALB/c males, and 5 BALB/c females
were injected intraperitoneally (i.p.) with 106 B. microti-infected RBCs. As a control, another group of 5
BALB/c females were injected with B. microti-infected erythrocytes but also were subjected to combi-
nation therapy (atovaquone plus ELQ-334, 10 mg/kg each, daily for 7 days starting at day 4 postinfec-
tion), as described previously (20). Smears, serum samples, and plasma samples were collected prior to
infection and every 4 days postinfection for 42 days. Genomic DNA extraction and real-time PCR were
carried out as reported previously (31).

Short-term in vitro culture. Blood collected from B. microti (LabS1 strain)-infected mice was used in
a short-term in vitro culture as follows. Fifty microliters of infected mouse RBCs (15% parasitemia) was
mixed with 250 �l of uninfected mouse RBCs (10% hematocrit), 100 �l of uninfected human RBCs (50%
hematocrit), and 1 ml of culture medium supplemented with HB 101 (product no. T151; Irvine Scientific),
L-glutamine (product no. B90210; Atlanta Biologicals), 1� antibiotic/antimycotic (product no. 30-004-C1;
Corning), and hypoxanthine (200 �M)-thymidine (30 �M) (product no. H0137; Sigma). Parasitemia was
monitored over time by counting a minimum of 5,000 RBCs in Giemsa-stained thin blood smears. For
immunoblot analyses, 1-ml samples of cultured infected and uninfected human RBCs were collected 6 h
and 24 h after initiation of the in vitro culture. These samples were centrifuged at 400 � g for 10 min,
and the supernatants were collected. The remaining cell pellets were treated with 1% saponin, incubated
on ice for 30 min, and centrifuged at 9,300 � g for 10 min at 4°C. The resulting supernatant (hemolysate)
was collected, and the final pellet (parasite fraction) was washed once with cold phosphate-buffered
saline (PBS). Supernatant, hemolysate, and parasite fractions were separated by SDS-PAGE and analyzed
by immunoblotting using preimmune and anti-BmGPI12 sera.

Expression and purification of recombinant BmGPI12. An open reading frame encoding amino
acids 1 to 302 of BmGPI12 (GenBank accession no. JX112361) was synthesized and cloned into the BamHI
and XhoI restriction sites of plasmid pGEX6p-1 (GE Healthcare). The resulting plasmid was introduced
into Escherichia coli strain BL21. Expression of the glutathione S-transferase-BmGPI12 fusion was per-
formed in LB culture medium with 0.1 mM isopropyl-�-D-thiogalactopyranoside (IPTG), using standard
microbiological techniques. Cells were lysed with B-PER (Thermo Fisher Scientific), and the lysate was
clarified by centrifugation at 15,000 rpm for 30 min at 4°C. The fusion protein was purified by affinity
chromatography on a glutathione chromatography cartridge, as recommended by the manufacturer
(Pierce). The glutathione S-transferase moiety was cleaved using PreScission protease (GE Healthcare)
and was removed by glutathione affinity chromatography. Recombinant BmGPI12 was further purified
by anion-exchange chromatography on a Mono Q column (GE Healthcare). The identity of recombinant
BmGPI12 was ascertained by N-terminal sequencing, intact mass spectrometry, and tandem mass
spectrometry (MS/MS) protein identification.

Preparation of hyperimmune rabbit antiserum against BmGPI12. A New Zealand White rabbit
(Cocalico Biologicals, Reamstown, PA) was immunized with three i.p. injections of 0.5 mg recombinant
antigen. The endpoint dilution titer of the resulting antiserum was greater than 108 when tested against
recombinant BmGPI12. This antiserum recognizes a single protein in Babesia-infected RBCs with the
molecular weight expected for BmGPI12. IgG was purified from the antiserum by affinity chromatogra-
phy on a HiTrap protein G column (GE Healthcare), as recommended by the manufacturer. Carboxyl
groups of the IgG molecules were biotinylated with an EZ-Link amine-PEG3-biotin kit (Thermo Fisher
Scientific), according to the manufacturer’s instructions.

Immunodetection of BmGPI12. Supernatant, hemolysate, and RBC membrane or parasite fractions
from control (uninfected RBCs) or B. microti-infected RBCs cultured in vitro were collected 6 and 24 h
postinoculation, mixed with an equal volume of 2� SDS-PAGE loading dye, boiled for 5 min, loaded onto
10% SDS-PAGE gels, and transferred to nitrocellulose membranes. Membranes were blocked with 5%
milk and incubated overnight at 4°C with anti-BmGPI12 serum (1:250 dilution) or preimmune serum
(1:250 dilution). The next day, membranes were washed with TBST (0.02 M Tris base, 0.15 M NaCl, and
0.1% Tween 20) and incubated for 1 h with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG
(1:10,000 dilution). Following additional washings, the membranes were reacted with enhanced chemi-
luminescence (ECL) Western blotting detection reagents (GE Healthcare, Amersham) and exposed to
X-ray film. To detect BmGPI12 in human plasma, a sample that previously tested positive for B. microti
by Giemsa staining and PCR was subjected to Western blotting using the protocol described above.
Western blot analyses were performed with animal sera using the same procedure.

BmGPAC assay. The BmGPAC assay was developed to detect BmGPI12 in biological samples. For
this, 96-well white enzyme-linked immunosorbent assay (ELISA) plates (Pierce) were coated overnight at
4°C with 400 ng per well of purified unlabeled anti-BmGPI12 IgG. The following day, unbound anti-
BmGPI12 IgG was removed, 200 �l blocking solution (consisting of 5% bovine serum albumin [BSA] in
PBS with 0.05% Tween 20 [PBST]) was added, and the plates were incubated for 1 h at room temperature.
BmGPI12-containing samples were diluted with PBST to 100 �l, added to wells, and incubated for 2 h at
room temperature. Wells were washed four times with PBST, biotinylated anti-BmGPI12 IgG was added
at a concentration of 10 �g/ml, and plates were incubated for 1 h at room temperature. After four
washes, streptavidin conjugated to alkaline phosphatase (Kirkegaard & Perry Laboratories) was added at
a dilution of 1:1,000 in PBST, and plates were incubated for 1 h at room temperature. After four washes,
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100 �l developing solution (PhosphaGlo reagent; Kirkegaard & Perry Laboratories) was added and the
luminescence was measured with a BioTek FLx800 fluorescence plate reader. Multiple standard curves
were generated using recombinant BmGPI12. The lower LOD was typically 20 pg/�l.

RESULTS
BmGPI12 is a secreted antigen of B. microti. Previous studies using immunofluo-

rescence analysis showed strong expression of BmGPI12 in B. microti-infected erythro-
cytes (16, 17). The protein was also reported previously to be present in sera from
infected hamsters and serum from an infected patient (21). Together, these data
suggested that BmGPI12 either is released from B. microti-infected erythrocytes at the
end of the intraerythrocytic life cycle or is actively secreted into the host environment
by B. microti-infected erythrocytes. To validate the secretion of BmGPI12 by B. microti-
infected erythrocytes, we raised rabbit polyclonal antibodies against the protein and
used them to detect the presence of the protein in sera or plasma of mice and humans
infected with this parasite, as well as in the supernatant of an in vitro culture of B.
microti. As shown in Fig. 1, BmGPI12 protein was readily detected by immunoblotting
in plasma from mice infected with B. microti strain LabS1 or PRA99. As controls, no
protein could be detected in samples from uninfected mice or in plasma samples tested
using rabbit preimmune sera (Fig. 1A). We further examined the presence of BmGPI12
in plasma from a patient who underwent exchange transfusion following an infection
with B. microti that resulted in high levels of parasitemia. As shown in Fig. 1B, BmGPI12
could be readily detected in as little as 10 �l of the patient’s plasma. The BmGPI12
concentration was determined based on the signal detected using recombinant
BmGPI12 as a standard. As expected, BmGPI12 was not detected in human plasma
samples tested using preimmune rabbit serum (not shown).

To further demonstrate secretion of this protein from infected erythrocytes, we set
up a short-term in vitro culture to maintain infected erythrocytes in serum-free culture
medium immediately after collection from mice infected with the B. microti strain
LabS1. Infected erythrocytes were washed extensively to remove any residual secreted
proteins, and the presence of the protein in the parasite, RBC cytoplasm, and culture
supernatant was monitored over a 24-h culture period. As shown in Fig. 2A, during this
short-term in vitro culture assay, B. microti developed from an early ring form to a
mature ring with long extensions and divided to form 4 daughter parasites (tetrad).
Immunoblot analysis showed increased expression of BmGPI12 over time, with the

FIG 1 Evidence for secretion of BmGPI12 in mouse and human blood. (A) Immunoblotting detection,
using anti-BmGPI12 rabbit serum, of BmGPI12 in plasma from mice infected with either B. microti LabS1
or PRA99. Plasma from uninfected mice and preimmune rabbit serum were used as controls. (B)
Immunoblotting detection, using anti-BmGPI12, of BmGPI12 in 10 �l of plasma from a B. microti
PCR-positive human patient (parasitemia, �10%), compared with plasma from healthy donors. �,
individuals confirmed positive for babesiosis; �, healthy donors with no babesiosis. Amounts of BmGPI12
in human plasma were compared with 102, 103, and 104 pg of purified recombinant BmGPI12 protein.
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protein being detected not only in the parasite fraction but also in the hemolysate and
supernatant of B. microti-infected erythrocytes. These data demonstrate that BmGPI12
is increasingly synthesized during parasite intraerythrocytic development, actively se-
creted by the parasite into the RBC cytoplasm, and subsequently released outside the
infected erythrocyte (Fig. 2B).

The BmGPI12-based antigen capture assay detects active B. microti infections.
The finding that BmGPI12 can be readily detected as a secreted antigen in sera and
plasma of infected animals and humans led us to develop an antigen capture assay
using antibodies against BmGPI12, referred to as the BmGPAC assay. The antigen
was captured on a solid surface coated with anti-BmGPI12 polyclonal antibodies
and was detected using biotin-coupled antibodies (Fig. 3A). The antigen-antibody
complex was then detected using alkaline phosphatase-streptavidin, and the signal
was measured using a luminescence spectrophotometer. A standard curve generated
using serial dilutions of the protein yielded a typical detection limit of 20 pg/�l (Fig. 3B).
To evaluate the LOD of the BmGPAC assay in vitro, B. microti-infected RBCs were
isolated from an infected mouse, extensively washed in serum-free medium, and
serially diluted from 106 B. microti-infected RBCs to 1 infected RBC. The hematocrit level
of the cultures was adjusted to 2% and the cultures were gassed and maintained at
37°C using the short-term in vitro culture assay described in Materials and Methods.
Supernatant fractions collected from each culture were then analyzed using the
BmGPAC assay. As shown in Fig. 3C, BmGPI12 levels above the LOD could be found in
5 �l of a supernatant from a 1-ml culture containing as few as 10 B. microti-infected
erythrocytes (Fig. 3C). To evaluate the use of the BmGPAC assay for detection of B.
microti infections, the assay was employed to test sera from babesiosis patients.
Consistent with the levels of parasitemia in the patients with confirmed babesiosis, the
concentrations of BmGPI12 in patients’ blood ranged between 20 and 15,000 pg/�l of
serum. Human blood samples that were determined to be PCR negative for B. microti
were also negative using the BmGPAC assay (Fig. 4). As a control for the specificity of
the BmGPAC assay, no signal could be detected using plasma from a Plasmodium

FIG 2 Short-term in vitro cultures of B. microti. (A) Giemsa-stained blood smears, indicating the devel-
opmental stages of B. microti 0, 6, and 24 h postinoculation. Percentages of stages were calculated as the
number of B. microti-infected cells in at least 5,000 RBCs. (B) Detection of BmGPI12 in in vitro B. microti
cultures collected 6 and 24 h following inoculation. At each time point, supernatant (S), hemolysate (H),
and pellet (P) fractions from uninfected (U) or B. microti-infected (I) cultures were analyzed by immu-
noblotting. No signal could be detected with preimmune rabbit serum.
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vivax-infected patient (parasitemia, 0.1%) or a healthy human donor (Fig. 4). To further
evaluate the cross-reactivity of the assay, we tested supernatants from in vitro cultures
of B. duncani (parasitemia, 0.1% to 6.8%) and sera from noninfected or Babesia
bovis-infected cattle using the BmGPAC assay; no signals could be detected (Fig. 4).

Next, we compared the BmGPAC assay to real-time PCR and microscopy for
detection of active infections in animals. Immunocompetent outbred Swiss Webster
mice (males and females) and inbred BALB/c mice (males and females) were
infected with B. microti (strain LabS1), and blood samples were analyzed using the
three assays. BmGPI12 antigen above the 100 pg/assay (20 pg/�l) cutoff value could
be detected in all infected Swiss Webster animals as early as 6 h postinoculation,
and levels increased over the next 11 days, reaching a peak of 225 pg/assay (45
pg/�l) between day 11 and day 14 (Fig. 5A; also see Table S1 in the supplemental
material). This increase was concomitant with the increase in parasitemia deter-
mined by light microscopy and the decrease in threshold cycle (CT) values below

FIG 3 Sandwich ELISA for detection of BmGPI12. (A) Schematic representation of the BmGPAC assay
components. (B) Representative standard curve generated using 5 �l recombinant BmGPI12 at different
protein concentrations. (C) Detection of BmGPI12 released from infected mouse RBCs. A total of 106

infected mouse RBCs were serially diluted and incubated for 6 h at 37°C, using short-term in vitro culture
conditions. Culture supernatants were used in the BmGPAC assay. Three replicates were used for each
condition. RLU, relative light units.
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the cutoff value of 35 determined by real-time PCR (Fig. 5B and C; also see Tables
S2 and S3). Between day 14 and day 28, BmGPI12 levels decreased gradually to
reach 20 pg/�l. Between day 28 and day 35, whereas BmGPI12 levels were below
20 pg/�l and no infected RBCs could be found in thin blood smears, real-time PCR
CT values remained above the detection limit. Similar results were obtained using
inbred BALB/c mice, although the parasite loads and the rates of clearance of
parasitemia varied between the two mouse strains (Fig. 6A and B; also see Tables
S1 and S2). To determine whether the differences in the BmGPAC and real-time PCR
assay results during the resolution stage of infection could be due to residual B.
microti DNA detected by real-time PCR even after parasite clearance, BALB/c mice
were treated with atovaquone and the endochin-like quinolone ELQ-334 (10 mg/kg
each). This combination was shown previously to result in radical cures in mice (20).
Consistent with the rapid killing effect and decline in parasitemia induced by the
combination therapy, the levels of BmGPI12 antigen and parasite DNA in treated
mice reached their peaks on day 11 and decreased thereafter, falling below
detection levels by day 21. The decline, however, was much more precipitous with
the BmGPAC assay than with the real-time PCR (Fig. 6A and B). This finding suggests
that, after parasite elimination, DNA remains in circulation longer than antigen,
suggesting that the BmGPAC assay is a more reliable method for detection of active
infections.

The BmGPAC assay detects B. microti infection in the reservoir host. Previous
studies examining the presence of anti-B. microti IgG antibodies in the mouse
reservoir Peromyscus leucopus showed variations in titers for different animals (22).
However, detection of the presence of these antibodies is not a reliable method for
detection of active infections. More recently, it was shown that IFA-positive sera
from wild mice were generally also positive for IgM and IgG antibodies against
BmGPI12 (17). To determine whether the BmGPAC assay could detect the presence
of BmGPI12 antigen in sera from wild mice, we screened 39 IFA-negative and 45
IFA-positive P. leucopus sera using the assay. All IFA-negative sera had levels below
the cutoff value of 20 pg/�l, whereas 28 of the 45 IFA-positive sera had levels above
20 pg/�l and another 17 had levels above the levels detected in the IFA-negative
samples (Fig. 6C; also see Table S4).

FIG 4 Detection of BmGPI12 in plasma from patients and control noninfected individuals. 1, babesiosis
symptoms but PCR negative; smears and IFA were not done; 2, 11.5% parasitemia determined by blood
smear; 3, 0.3% parasitemia determined by blood smear; 4, 1.8% parasitemia determined by blood smear
and PCR positive; 5, 10% parasitemia determined by blood smear and PCR positive; 6, 5.4% parasitemia
determined by blood smear and PCR positive; 7, Lyme disease, with no babesiosis documented. Plasma
samples from B. microti PCR-positive patients or PCR-negative donors (1 to 7) were compared with the
following samples: plasma from a P. vivax patient (Pv) and a healthy donor (C), noninfected bovine sera
(U1 and U2), infected B. bovis sera (I1 to I3), and supernatants (Sup.) from in vitro cultures of B.
duncani-infected human RBCs (ihRBCs) (1 to 8), with levels of parasitemia ranging from 0.12 to 6.8%. As
expected, negative controls did not show any signal in the BmGPAC assay. The dotted line represents the
LOD of BmGPI12 in the assay (20 pg/�l).
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DISCUSSION

We have developed an antigen capture assay (the BmGPAC assay) that confirms
active B. microti infection through detection of secreted BmGPI12 protein. The assay
can detect as little as 20 pg of BmGPI12 per �l of blood from infected animals and
humans. The assay can be used to confirm acute B. microti infection, to screen blood

FIG 5 BmGPI12 detection, 18S rDNA expression, and parasitemia in Swiss-Webster (SW) mice inoculated
with 106 B. microti-infected RBCs. (A) BmGPI12 detection in plasma from Swiss Webster mice. PB,
prebleed (blood collection prior to B. microti infection); DPI, days postinfection. Each point represents an
average of 5 mice. The dotted line represents the lower LOD. (B) CT values obtained with real-time PCR
using DNA isolated from Swiss Webster plasma. The dotted line represents the CT cutoff value. (C)
Parasitemia curves for Swiss Webster mice. Each point represents parasitemia for each male or female
Swiss Webster mouse.
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donations for prevention of transfusion-transmitted babesiosis, and to conduct epide-
miological surveys of B. microti infection in humans and reservoir hosts.

Detection of B. microti blood infection during blood donor screening is a major
priority to prevent transfusion-transmitted babesiosis in the United States (9, 23).
Current strategies for detection of subclinical infections have significant limitations.

FIG 6 BmGPAC and real-time PCR assays with blood from BALB/c mice infected with 106 B. microti-
infected RBCs and detection of BmGPI12 in the plasma of 84 wild-caught Peromyscus leucopus mice. (A)
BmGPI12 detection in plasma from untreated BALB/c mice versus combination therapy (atovaquone plus
ELQ-334)-treated BALB/c mice. Each point represents the average of 5 mice. PB, prebleed (blood
collection prior to B. microti infection). The dotted line represents the LOD. (B) CT values in real-time PCR
assays using DNA isolated from plasma from untreated versus treated (atovaquone plus ELQ-334) BALB/c
mice. Each point represents the average of 5 mice. The dotted line represents the CT cutoff value. (C)
Correlation of IFA results and BmGPI12 levels. Plasma samples from all animals were initially evaluated
with an IFA to detect anti-Babesia antibodies and were classified as IFA positive or IFA negative. Five
microliters of plasma was assayed using the BmGPAC assay. Dotted lines represent the LODs.
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IFA-based diagnostic assays cannot reliably distinguish between current and past
infections. PCR assays may not detect low-level parasitemia because of sampling
limitations with small blood volumes (e.g., 1 to 2 ml from 500 ml of donated blood).
Such limitations can have major consequences, as reported recently by Glanternik and
colleagues regarding a cluster of B. microti cases among three premature infants in one
neonatal intensive care unit that were traced to a single blood donor (24).

During its intraerythrocytic development, B. microti secretes several proteins into the
RBC cytoplasm. Some of these proteins reside in the cytoplasm or traffic to the RBC
membrane, whereas others are secreted into the host environment. Recent annotation
of the B. microti proteome estimated that 398 proteins are secreted by the parasite (17).
The roles these secreted proteins play in host cell remodeling, nutrient acquisition, or
modulation of host immunity remain to be determined. Secreted proteins have been
shown to play a critical role in protective immunity following infection with B. divergens,
B. bovis, or Babesia rossi (25–27). The ability of some B. microti proteins to trigger strong
immune responses in mammals led to the development of various assays aimed at
detecting antibodies against these proteins in humans and animals. These antibody
detection assays targeted not only anti-BmGPI12 antibodies (19) but also antibodies
against the B. microti BMN1-17 family (18), BmP32 (28), and BmP94 (29). The ability to
detect a secreted B. microti antigen as a biomarker of infection was first reported by Luo
and colleagues (21). Using a double antibody sandwich ELISA, they demonstrated
successful detection of BmSA1/BmGPI12 in the blood of B. microti-infected hamsters.

Our data used two different isolates of B. microti (LabS1 and PRA99) and provided
in vitro and in vivo evidence that BmGPI12 is secreted by infected RBCs in amounts
sufficient to develop a reliable diagnostic assay for detection of active B. microti
infection. Using a short-term in vitro growth assay with blood freshly collected from
infected animals during the exponential phase of growth and extensively washed to
remove any residual secreted BmGPI12, we demonstrated that the overall levels of
BmGPI12 increased with the time in culture, concomitant with the development of the
parasite from an early ring form to a mature ring and then to a tetrad. Immediately after
inoculation, BmGPI12 could be detected primarily in the parasite and RBC cytoplasm
fractions. Over the course of the 24-hour intraerythrocytic development, the overall
amount of the protein synthesized by the parasite was more than double the amount
detected at 6 h. Interestingly, significant amounts of the protein could also be detected
in the supernatant of the culture and accumulated over time to levels in the micromolar
range. Consistent with the active secretion of BmGPI12 by B. microti-infected RBCs, our
data showed that the protein could be readily detected in sera and plasma from B.
microti-infected mice and plasma from an infected patient.

Our finding that the BmGPAC assay could detect the presence of the protein in
amounts as low as 100 pg per assay is an improvement over the findings of the
previous study by Luo and colleagues, who used a double antibody sandwich ELISA
with a quantitation limit of 250 pg per assay for detection of BmSA1/BmGPI12 (21).
Importantly, there was no cross-reactivity when the BmGPAC assay was used with sera
from P. vivax-infected patients or culture supernatants of other Babesia species, includ-
ing B. duncani and B. bovis. Our limiting dilution in vitro assays showed that secreted
BmGPI12 levels could be detected reliably in the culture supernatants of 10 B. microti-
infected erythrocytes.

Using outbred Swiss Webster mice, we found that the results of the three assays
(BmGPAC assay, smears, and real-time PCR assay) showed positive correlation during
the acute phase of infection, with peak levels being detected between day 11 and day
14 by all assays. During the resolution phase, however, BmGPI12 levels above 20 pg/�l
could be detected up to 28 days postinfection but DNA detection by real-time PCR
remained above the CT cutoff value until day 35. Using the drug combination of
atovaquone and ELQ-334, which results in rapid killing of parasites and clearance of
parasitemia, the BmGPAC and real-time PCR assays showed major increases in antigen
and DNA levels at day 11, consistent with parasite killing and release of protein and
DNA contents into the host environment. This was followed by rapid decreases in these

Thekkiniath et al. Journal of Clinical Microbiology

October 2018 Volume 56 Issue 10 e00067-18 jcm.asm.org 10

https://jcm.asm.org


levels, with both assays revealing the presence of the antigen and DNA at detection
levels by day 18 and below those levels by day 21. The decline was more precipitous
with the BmGPAC assay than with real-time PCR, however, suggesting that, following
parasite clearance, the antigen is rapidly cleared but DNA can persist in the circulation.
Persistence of parasite DNA after successful therapy has been widely documented but
was systematically investigated in malaria patients only recently. Homann and col-
leagues showed, using blood from 31 successfully treated malaria patients, that DNA
could be detected by msp2- and species-specific PCR assays up to 31 and 42 days after
treatment, respectively, whereas parasites could be detected by microscopy up to 2
days after treatment (30).

We showed that the BmGPAC assay also could be used to detect infection in wild
mice and thus could be useful for epidemiological studies. Using the BmGPAC assay, we
found that sera from animals that had been found previously to be IFA negative had
no detectable amounts of BmGPI12, whereas 63% of IFA-positive sera contained levels
of BmGPI12 above 20 pg/�l and 91% had antigen levels above 4 pg/�l. Mice with levels
of BmGPI12 between 1.4 and 4 pg/�l represent animals that either have cleared the
infection or maintain very low levels of parasitemia.

Together, these data demonstrate that the BmGPAC assay is a reliable assay for
detection of active B. microti infections and could be a suitable assay for large-scale
screening of the blood supply. Future efforts will aim to optimize the BmGPAC assay,
to compare it to blood smears and real-time PCR assays for B. microti-infected and
noninfected human blood, and to use it to screen randomly collected human blood
samples from healthy adults from areas in which the parasite is endemic and areas in
which it is not endemic.
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