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Abstract

Chagas disease affects 8-11 million people, mostly in Latin America. Sequelae include cardiac,
peripheral nervous and/or gastrointestinal disorders, thus placing a large economic and social burden
on endemic countries. The pathogenesis and the evolutive pattern of the disease are not fully clarified.
Moreover, available drugs are partially effective and toxic, and there is no vaccine. Therefore, there
is an urgent need to speed up basic and translational research in the field. Here, we applied automated
high-content imaging to generate multiparametric data on a cell-by-cell basis to precisely and quickly
determine several parameters associated with in vitro infection of host-cell by Trypanosoma cruzi,
the causative agent of Chagas disease. Automated and manual quantification was used to determine
the percentage of T. cruzi-infected cells in a 96-well microplate format and the data generated was
statistically evaluated. Most importantly, this automated approach can be widely applied for
discovery of potential drugs as well as molecular pathway elucidation not only in T. cruzi but also
other human intracellular pathogens.
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1. Introduction

The year 2009 marked the 100th anniversary of the discovery of Chagas disease and its
causative agent, Trypanosoma cruzi, by the Brazilian physician Carlos R.J. Chagas while he
was working at the Oswaldo Cruz Institute in Rio de Janeiro [1]. The impact of Chagas disease,
once thought to be limited to Latin America, where an estimated 8 to 11 million people are
chronically infected, has moved to the United States and Europe, mainly due to migration from
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endemic areas of Mexico, Central America, and South America [2]. The estimated number of
infected persons living in the United States is 300,000 or more, based on estimated disease
rates by country of origin [3]. Furthermore, the parasite can be found in reduviid bugs and
mammals in the southern regions of the United States [4—6], and there have been a few reported
cases of autochthonous, and transplant- and blood donation-related transmissions in humans
[7-9].

Many aspects of Chagas disease pathogenesis are still not well understood. The current drug
treatment regimens for the established chronic phase of the infection are partially effective and
highly toxic [10-12], and acute disease reactivation can occur due to immunosuppression
[13]. In addition, development of chemotherapy resistance has been reported [14]. Therefore,
there is an urgent need to develop effective chemotherapeutics and/or vaccine against Chagas
disease, which is the most significant parasitic infection of the Americas [12].

T. cruzi is an intracellular protozoan parasite and its ability to infect and replicate within a cell
is an essential feature for completion of its life cycle in the mammalian host-cell. Upon host-
cell infection, the infective T. cruzi trypomastigote forms differentiate into replicative
amastigote forms and begin to divide. Then, amastigotes differentiate back into
trypomastigotes, the host-cell ruptures releasing the parasites into the extracellular milieu
where they can infect adjacent cells and go to the bloodstream to infect other tissues, or be
ingested by a reduviid insect vector [15].

To gain insights into the molecular mechanisms that regulate T. cruzi host-cell invasion,
intracellular proliferation and other events during parasite-host cell interactions as well as for
identification of compounds with anti-parasitic effects, studies based on in vitro T. cruzi
infection have largely relied on the application of labor-intensive manual counting of host cells
and parasites by light or fluorescence microscopy. Typically, these assays are performed in
individual coverslips and parasites are detected by Giemsa staining [16,17], DNA is labeled
with fluorescent dyes or by immunostaining using anti-T. cruzi antibodies followed by a
fluorescent secondary antibody [18,19]. The analysis then involves the visual counting of
intracellular parasites in each of the one hundred to five hundred cells per sample. In addition,
compounds against T. cruzi have been evaluated by manually counting the parasites released
into the supernatant of infected cells and by assays using extracellular parasites [20]. These
methods based on visual scoring and manual annotation are time-consuming, potentially biased
by the operator, and unsuitable for the analysis of larger number of biological samples.

Todate, only few reports have tried to address these concerns. Buckner et al. (1996) engineered
parasites expressing B-galactosidase for colorimetric assays [21]. Alternatively, an assay based
on the selective incorporation of radioactive uracil by parasite-infected cells has been described
[22]. More recently, Hyland et al. (2008) engineered T. cruzi expressing firefly luciferase for
bioluminescent determination of infection rates [23], These approaches have been applied for
screening of compounds against T. cruzi [24,25]. However, in addition to other disadvantages,
these methods require separate assays for assessment of mammalian cell toxicity and the results
are an average of the biological responses of thousands of cells.

Conversely, current new technologies offer numerous advantages when compared to
conventional procedures. The recent emergence of high-content imaging, which is based on
automated fluorescence image acquisition, processing and analysis, has provided unique and
powerful tools to quantitatively determine spatiotemporal events in complex biological
systems [26]. This technology is based on single-cell analysis in large cell populations allowing
precise, efficient and simultaneous assessment of multiple cellular parameters relevant for
evaluating the potential of novel compounds and dissecting signaling pathways. Recent reports
have confirmed the potential of image-based cellular screening to monitor and quantify several
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cellular events such as protein nuclear translocation [27,28], G-protein coupled receptor
activity [29], microtubule dynamics [30] in addition to aid in the identification of compounds
that interfere with these biological processes. High-content imaging has also been successfully
applied for screening of RNA interference libraries [31] and identification of host kinases and
respective inhibitors that prevent bacterial intracellular growth [32]. Recently, this approach
has been applied for the in vitro drug screening of anti-T. cruzi compounds [33]; however, the
accuracy of the procedure in regard to the manual parasite counting method has not yet been
evaluated.

In the present report, we evaluate a high-content imaging method for automated quantification
of host-cell infection rate by the intracellular parasite T. cruzi. The ability of this technology
to perform quantitative assessment of multiple cellular parameters on a cell-by-cell basis in a
multiwell plate format, makes it especially attractive not only for high-throughput screening
of potential anti-parasitic drugs but also for studying parasite molecular pathways. Here, the
number of parasites per 100 cells and percentage of infected cells were determined both by
conventional manual counting (manual method) and automated high-content imaging analysis
(automated method), and the data was statistically compared.

2. Materials and Methods

2.1. Parasites and mammalian cell culture

Murine NIH 3T3 fibroblasts (ATCC, Manassas, VA), were cultured in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 10% bovine calf serum (BCS) (DMEM-BCS)
at 37°C in a 5% CO, humidified atmosphere. Tissue culture-derived T. cruzi trypomastigote
forms (Y strain) were obtained from the supernatant of infected LLC-MK2 (Rhesus monkey
kidney epithelial cells; ATCC, Manassas, VA), 5 to 9 days post-infection by weekly passages
[34]. Cell cultures were regularly tested for Mycoplasma by polymerase chain reaction (PCR)
[35].

2.2. Generation of green fluorescence protein (GFP) expressing NIH 3T3 cells

To generate GFP-expressing NIH 3T3 cultures, cells were transfected with the psi-
h7SKGFPzeo-derived silencing vector encoding a hairpin specifically targeting LacZ
(InvivoGen, San Diego, CA) by nucleofection using the Cell Line Nucleofector Kit R (Lonza,
Walkersville, Inc., MD). As the vector contains a GFP reporter gene combined with the Zeocin
resistance gene, stable transfectants were selected in medium containing Zeocin (InvivoGen,
San Diego, CA). The successful selection of the transfectants was confirmed by analyzing the
percentage of cells expressing GFP using flow cytometry.

2.3. Infection assays

For the in vitro infection assay GFP-expressing NIH 3T3 cells were plated onto BD Falcon
96-well bioimaging plates (BD Biosciences, Rockville, MD), at a density of 4 x 103 cells per
well, and incubated overnight at 37°C in a 5% CO, humidified atmosphere. Before infection,
cells were washed once with complete medium (DMEM-BCS) to remove nonadhered cells.
Trypomastigotes were added at a parasite:host cell ratio of 5:1 and infections were carried out
for 2 hat 37°C in a 5% CO, humidified atmosphere. After incubation, cells were washed four
times with phosphate-buffered saline (PBS), pH 7.4,, and reincubated with DMEM-BCS for
approximately 18 h to allow the differentiation of internalized parasites into amastigote forms,
which are more easily quantified than intracellular trypomastigotes. In line with previous
observations [36—38], in our model replication is observed at later time points ensuring that
parasite counting represents infection rather than replication rate. Cells were washed with PBS
and fixed with 4% paraformaldehyde for 15 min at room temperature. Parasite and host-cell
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DNA were subsequently stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma Aldrich)
at 1 pg/mL for 5 min and washed with PBS.

2.4. Image acquisition, processing, and analysis

Image acquisition and analysis of microplates were carried out using the BD Pathway 855 high-
resolution fluorescence bioimager system (BD Biosciences). Filter sets appropriate for the
excitation and emission spectra of GFP and DAPI were selected. Images from nine contiguous
image fields (3 x 3 montage) were acquired per well with a 20x (0.75 numerical aperture, NA)
objective. For optimal segmentation and counting of parasites associated with host-cells, the
BD AttoVision™ v1.6.2 Sub Object analysis was applied. This software tool provides
comprehensive measurement of parameters for counting spots (intracellular parasites) within
a boundary object (host cell), enabling their accurate quantification. GFP was used to define
the boundary object (host-cell body); whereas DAPI was used to define the counting spots
(intracellular parasites). Although the parasite DNA staining with DAPI may result in a doublet
due to the presence of genomic and kinetoplastid DNA, images were acquired using a 20x
(0.75 NA) objective to obtain higher cell counts per field for a statistically representative data
set. At this optical resolution, genomic and kinetoplastid DNA are not distinguished as separate
entities but captured as a single spot. Host-cell nuclei, being much larger than the parasites,
were systematically excluded from the analysis, based on their size. Numerical data was
imported into the Microsoft Excel-based BD™ Image Data Explorer (BD Biosciences,
Rockville, MD) to determine the parameters associated with host-cell infection by T. cruzi.

2.5. Statistical analysis

Statistical analysis (Statistical Analysis System, SAS v.9.2 software, SAS Institute, Inc., Cary,
NC) was applied to compare the data generated by manual and automated counting methods.
A set of 21 treatment groups from an on-going study were used to compare manual and
automated assessment of the following two parameters: (i) number of intracellular parasites
per 100 cells and (ii) the percentage of infected cells. For each treatment group, 3—4 replicates
were available, rendering a total of 77 data points for analysis. Manual and automated methods
were compared using the paired-sample t-test for testing whether the mean of the absolute
difference or the mean of the percent absolute difference (with manual counting as base) both
differed from O for each parameter evaluated. Briefly, for each data point we had a couple of
values, one generated by the manual method and the other derived from the automated method.
Subtraction of one value from the other renders the absolute difference of each couple of values.
The mean of the absolute difference is calculated by adding up all the absolute difference values
and diving them by the number of data points (n=77). If the value derived from the manual
method is taken as 100% and the value generated by the automated method is expressed as the
percent of the manual method, their subtraction renders the percent absolute difference of each
couple of values. This time, the mean of the percent absolute difference is calculated by adding
up all the percent absolute difference values and diving them by the number of data points
(n=77). Along with each mean value, its respective standard deviation (SD) was obtained.

Also, a simple linear regression model was fitted to the data, the slope of the line tested against
1 and the y-intercept tested against 0 using t-tests. Finally, the General Linear Mixed Model
analysis for repeated measures was applied to compare the mean values obtained by the manual
and automated methods for both parameters across the 21 treatment groups. All tests were
conducted at the 0.05 level of significance (p-value).

3. Results and Discussion

As with any high-content assay, numerous parameters including adaptation to multiwell
microplates, image acquisition, and image analysis were optimized during the development of
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the assay. A general workflow of the high-content imaging process applied for automated
quantification of host-cell infection rate by the intracellular parasite T. cruzi is shown in Figure
1. The method includes 4 steps: plate set up, image capture, image analysis, and data analysis.
After the establishment of the biological model for in vitro infection of GFP-expressing NIH
3T3 cells with T. cruzi trypomastigotes in a 96-well plate format, cells were seeded, infected,
fixed and subsequently stained with DAPI. In order to determine the number of parasites within
asingle host cell, GFP fluorescence was used to define the host-cell boundaries, whereas DAPI
staining provided the total number of host cells and parasites. In order to obtain statistically
representative data, capture of a large enough population of host cells per image was needed.
To accomplish this task, nine contiguous image fields (3 x 3 montage) were acquired to obtain
a single montage image. We then combined several image pre-processing and segmentation
tools in order to optimize the image analysis protocol, which enabled specific host-cell and
parasite segmentation as verified by visual inspection of the images. Briefly, segmentation
consists of the application of intensity thresholds to define cellular regions (also called regions
of interest or ROIs), where measurements will be made. Finally, data was analyzed by applying
specific parameter constraints in order to obtain the following parameters: i) total numbers of
cells and parasites per well, ii) number of parasites per cell, and iii) percentage of infected cells
per well. In our model, we used GFP expressing NIH 3T3 cells, although the same workflow
described above should be applicable when using a different cell line, which not necessarily
need to express GFP but be stained with a whole cell or plasma membrane dye. However, the
latter alternative will also add an extra step during the plate preparation.

Figure 2 shows representative segmented images of the host-cell body (boundary object), host-
cell nuclei, and intracellular parasites (sub-object counting spots). Host-cells were properly
segmented based on whole-cell GFP expression and DAPI-stained individual nuclei. Although
parasites were also stained with DAPI, they were specifically selected by setting a small size
threshold that excluded cell nuclei from all counts. The generation of multiparametric data
based on single cell information allowed us to determine several parameters linked to host-cell
infection by T. cruzi inahighly accurate and rapid manner. The number of parasites per hundred
cells was obtained through the results of the sub-object analysis, while the percentage of
infected cells was determined by applying a data constraint to assess the number of host cells
(objects) containing at least one parasite (sub-object).

Overall, the values generated by the manual method were slightly higher than those obtained
by the automated quantification. A summary of the statistics for the absolute difference and
the percent absolute difference between the manual and automated methods is given in Table
1. Both the mean of the absolute difference and the mean of the percent absolute difference
were significantly different from 0 (p < 0.05), by the paired sample t-tests. However, for both
parameters, the mean of the absolute difference was quite small (2.5 SD£1.5 and 1.7 SD+1.0)
for the number of parasites per 100 cells and percentage of infected cells, respectively.
Likewise, the mean of the percent absolute difference was 15.4 SD+6.3 and 13.6 SD+6.3 for
number of parasites per 100 cells and percent of infected cells, respectively. The scatter plots
of manual versus automated values of number of parasites per 100 cells and percentage of
infected cells are given in Figure 3. For both parameters, the scatter about the fitted regression
line was quite small, so there was a strong linear relationship between the two methods. In fact,
the estimated correlation coefficients for number of parasites per 100 cells and percent of
infected cells were 0.97 and 0.96, respectively. However, the slope of the line was significantly
different from 1 (p < 0.05), although the y-intercept was not significantly different from 0 (p
>0.1). Again, these results reflect the slightly increased values generated by the manual method
as compared to the automated procedure. When the number of parasites per 100 cells was
evaluated, the data showed that the manual values were consistently higher than the automated
values, by about 0.2230, the y-intercept of the estimated regression line. Likewise, when the
percentage of infected cells was evaluated, the data showed the same tendency, i.e., the manual
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values were consistently higher than the automated values, by about 0.6229, the y-intercept of
the estimated regression line. The estimated slopes for the number of parasites per 100 cells
and the percentage of infected cells were 1.1691 and 1.1000, respectively.

The results of the General Linear Mixed Model analysis for repeated measures indicate
differences in the means of the two methods across the treatment groups (Figure 4). As
expected, we also observed the same trend of higher means for manual method compared to
automated method across all of the 21 treatment groups. Despite the observed difference, data
showed a linear relationship between the two methods and except for groups 3 and 10, the
differences between the manual and automated methods appear not only small but, more
importantly, similar. Therefore, if it is the relative change in infection in response to treatment
what matters, and not the absolute change, the automated method would prove useful and
advantageous. However, given a small difference between treatments groups, it may not prove
sensitive enough to ensure detection.

There appear to be two main factors responsible for the slight discrepancy between the manual
and automated methods. First, parasites localized immediately next to the host-cell nuclei are
frequently not identified as individual entities but part of the host-nuclei and, therefore,
undercounted. Second, sub-optimal segmentation for parasites may result from low DAPI
fluorescence intensity. To overcome this limitation, parasite surface immunostaining seems a
viable option. However, we have observed that given two contiguous parasites, DNA staining
rather than surface staining works more effectively to separate them as individual entities, due
to the fact that the distance between the nuclei is greater than the distance between the parasite
surfaces (data not shown). We have recently applied this automated approach to evaluate the
effects of candidate anti-parasite compounds on T. cruzi intracellular proliferation (Nohara et
al., unpublished). Our results further confirmed the applicability of automated counting even
in experimental settings where more than 100 parasites are found inside of an infected cell
(data not shown).

The most significant advantage of the automated method over the manual counting is that it
reduces dramatically the sample processing time as itis illustrated in Table 2. Visual assessment
of the percentage of infected cells and the number of parasites per 100 cells for a single sample
takes approximately 1 h. Thus, the estimated time needed to manually process a 96-well plate,
will be 96 h or 12 working days (8 h each). The automated method will accomplish the same
task in 14 h or about 2 working days. This means an increase of sample processing speed of
about 6 times. In addition, operator’s exhaustion is not an issue for the automated method,
where only few hours of operator’s working day are required to set the parameters of each
automated processing step, whereas manual counting is tiring and requires the operator’s
physical presence during the whole process.

Since the automated analysis is based on the determination of sub-objects (parasites) within
the boundaries of the object (host cell), membrane-bound extracellular parasites can be
miscounted as intracellular parasites. This limitation however, is valid not only for the
automated approach but also for the conventional manual counting. To solve this issue,
differential detection of extracellular parasites may be achieved by carrying out parasite-
specific immunofluorescence labeling in nonpermeabilized cells, which will result in
additional steps during sample preparation as well as longer time periods required for image
acquisition, processing, and data analysis.

Conclusion

In contrast to manual counting, automated high-content imaging is highly objective, accurate,
and significantly faster, being based on automated digital microscopy coupled with computer-
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based data analysis. The images clearly show the feasibility of documenting and quantitatively
analyzing not only the degree of T. cruzi infection but also the level of parasite intracellular
proliferation using this method. Additionally, when the methodology is applied for the study
of compounds effects on the parasite infectivity or proliferation, the response of mammalian
cells to the treatment (cytotoxicity) can be determined by monitoring the total host-cell number.
Therefore, multiple parameters on a cell-by-cell basis can be evaluated simultaneously in a
single experiment and all captured images are stored automatically and can be reanalyzed later
in time in order to extract meaningful quantitative data. In addition, its intuitive information
content, the ability to visually confirm the data within the captured images, as well as its easy
adaptability to 384 well-plates or higher throughput formats makes the assay particularly useful
for screening applications. This assay might be especially useful for a wide range of
applications in Chagas disease research, from small-molecule drug screening and inhibitor
discovery to pathway elucidation.
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Figure 1.

Percentage of
infected cells/well

General workflow of high-content imaging applied for automated analysis of infection rate by
T. cruzi. A high-resolution fluorescence bioimager system was applied for image acquisition,
data processing, and analysis of T. cruzi-infected, GFP-expressing NIH3T3 cells, in a 96-well
plate format. Images of GFP fluorescence (host cell) and DAPI (host-cell and parasite DNA)
from nine contiguous image fields (3 x 3 montage) were acquired per well with a 20x 0.75 NA
objective. For optimal segmentation and accurate quantification several image processing and
segmentation tools were combined in order to optimize the image analysis protocol. GFP was
used to define the host-cell body (boundary object), whereas DAPI was used to define the
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intracellular parasites (sub-object) and the host-cell nuclei. Numerical data was used for the
analysis of multiparametric data associated with infection of host cells by T. cruzi.
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Figure 2.

Representative cropped, segmented images (20x, 0.75 NA) of GFP-expressing NIH 3T3 cells
infected with T. cruzi. A. Host-cell body segmentation based on GFP expression. B. Host-cell
nucleus segmentation based on DAPI staining. C. T. cruzi segmentation based on DAPI
staining of parasite nuclear and kinetoplast DNA, and size threshold. Yellow arrows denote
parasite DNA. D. Segmentation mask of the same image generated after sub-object analysis
depicting host-cell bodies (red), host-cell nuclei (blue), and parasites (yellow). Small numbers
in A and B denote host-cell bodies and nuclei, respectively. Insets in A-D indicate higher
magnification of areas delimited by white squares within the main images.
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Figure 3.

Scatter plots of manual versus automated intracellular T. cruzi counting methods. A. Scatter
plot comparing manual versus automated method for counting the number of parasites per 100
cells with the fitted regression line and the 95% confidence bounds for individual values. B.
Scatter plot comparing manual versus automated method for determining the percentage of
infected cells with the fitted regression line and the 95% confidence bounds for individual
values. In both plots, the scatter about the fitted regression line is quite small and the slope of
the line is positive (small manual values correspond to small automated values; large manual
values correspond to large automated values), thus indicating a positive correlation between
manual and automated methods.
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Figure 4.

Comparison of data point means between manual and automated T. cruzi counting methods.
A. Mean number of parasites per 100 cells, by treatment and method. B. Mean percentage of
infected cells, by treatment and method.
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Table 1

Statistics summary for the absolute difference and the percent absolute difference between the manual and
automated intracellular T. cruzi counting methods

Parameter Variable N Mean gpa

. Absolute difference 77 25 1.5
Number of parasites per 100 cells
Percent absolute difference 77  15.4 6.3

Absolute difference 77 17 1.0
Percentage of infected cells
Percent absolute difference 77  13.6 6.3

a -
Standard deviation
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