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ABSTRACT

Quantification neutralizing antibodies methods are crucial in the development and
evaluation of new antiviral vaccines effectiveness and the assay most commonly used is
the Plaque-Reduction Neutralization Test (PRNT). However, PRNT and its variations like
FRNT (or microPRN) are time-consuming, not amenable to alarge number of samples and
difficult to adapt to a high throughput routine. Furthermore, the assay tends to have large
variations among different analysts due to visual plaque recognition and manual counting
errors. Therefore, providing a faster and more accurate counting for the neutralizing
antibodies assays would minimize human inherent variations. Thus, innovations such
as the automation at critical steps can increase throughput, reduce rework and generate
more accurate results for vaccines developing and diagnosis. Companies specialized
in microscopy, robotics and information technology developed robust systems able to
standardize the image acquisition and processing for neutralization assays, which could
aid the public health response to emerging viral diseases. In this context, automated
systems have been used to obtain images and to identify morphological patterns setting
the best ranges for the structures of interest, such as circularity, size, color intensity and
other attributes.

Here we investigate the use of automated image acquisition and quantification
systems on increasing microPRN assays throughput and improving their results
accuracy. MicroPRN assays are performed on 96-well microplates, and a plate picture
is taken for virus identification, quantification and further calculation of neutralizing
antibodies titer in non-clinical samples. To validate the automated methods, their
results must be compared to manual counting method and there may be maximum of
5% in R-square coefficient. The automated systems showed efficiency on acquiring high-
resolution images from DENV microPRN assays. [t generated a 3-fold increasing in results
generation (450/month to around 1200/month) and helped reducing the assay retest
rate from 50% to around 15%. Furthermore, these systems demonstrated efficient time
consuming on acquiring images, good correlation with FFU manual counting and a much
faster time on quantifying these viral structures. Comparing both automated systems to
each other, it was observed a proper equivalence on FFU absolute counting and among
other parameters. These data demonstrate that the automated high-resolution imaging
platform, engineered to meet the quality requirements for image-based testing, saves
time using robotics and microscopy automation and provides more accurate and reliable
results.

Introduction

Neutralization assays remains the gold standard method
for measuring neutralizing antibodies against many pathogens

[1], including several viruses [2,3,4]. Some of these assays reveal
the virus plaques by applying a vital stain to cells, such as PRNT
(Plaque Reduction Neutralization Test), and other identify virus
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immunofocus using virus-specific monoclonal antibodies, case
of FRNT (Focus Reduction Neutralization Test) or microPRN.
To quantify antibodies against Dengue virus, for example, WHO
recommends using 96-well plates, observing them with naked eyes
or under the microscope [1] and counting plaques manually [5].
However, to achieve the target number of PFU/well, virus plaques
must be smaller to prevent overlap, which turns more difficult the
manual counting [1]. Besides the plaque overlap issue, most of these
neutralization assays have other bottlenecks that make it difficult
to obtain the measure output, such as the generation of numerical
results (counting) from the visual results (images). In many cases,
these tests are performed in replicates and / or different conditions,
originating a large amount of data, which, if analyzed manually, are
compounded by potential human errors. This is one of the reasons
why elevated time and resources (material and human) need to be
directed towards the performance of serum neutralization tests,
including the stages of image acquisition and quantification.

Manual image acquisition and quantification processes for
serum neutralization assays can be standardized in order to meet
limited demands. However, besides showing to be extremely
expensive in terms of time and resources spent, these manual
processes are not feasible when demands are increased [6]. At
such times, results and reports may not be released in a timely
manner or, in the worst cases, the standardization and traceability
of processes may be compromised, which may generate unreliable
data. In a scenario of constant increases in demands, there is a
need for a suitability of the processes of image acquisition and
quantification, including the routine of neutralization tests, in
order to convert visual results into final data in a timely manner
and with available resources. To this end, companies specialized
in microscopy, robotics and information technology have joined
forces with large research and development institutes in the health
field to develop customizable systems - capable of being configured
to meet specific demands - and, at the same time, generic - ready to
be adapted for different contexts [1,6,7].

Automated counters for immunostained plaques are available,
some of them free, other requiring considerable investments, but
all still demonstrate multiple challenges at the momentl. CTL
Analyzers (Cellular Technology Ltd.) presents the commercial
plaque counting software ImmunoSpot and Biospot, in which
researchers optimize ranges of values for objects intensity and size
and develop methods to count virus structures for each object of
study [8,9]. However, for researchers working with diverse strains
with varied plaque phenotypes, such programs are often difficult to
optimize and standardizel. Additionally, commercial counters are
often proprietary and expensive. Another option, Image]® is a free,
open-source general image-processing tool that allows for plaque
counting on a personal computer [10]. Although the application
has multiple tools for different needs, it is configured in JavaScript,
which obligates the users having at least a basic knowledge in that

language. The American National Institute of Health (NIH), in

partnership with several universities and medical research centers,
developed the Viridot, an open-source automated package in R
(free software environment) [11] for immunostained viral plaque
counting and neutralizing antibody titer estimation [1].

Despite being relatively simple, it has limitations regarding to
record activities (audit trails), especially when we consider the
growing quality requirements of many regulatory agencies about
the equipment and software use and validation processes [12-17].
In this context, the automation team of Laboratory of Virological
Technology (LATEV) from Bio-Manguinhos/Fiocruz, in partnership
with other companies, tests and have introduced automated systems
to provide solutions on image acquisition and processing. These
systems are running inside a service platform at our facilities, and
this model was customized to attend the demands of neutralization
assays, that come from LATEV projects and from external clients
as well. In this work, it is assessed the equivalence between the
automated systems and the human operators on generating precise
results, as well as the improvement in throughput and accuracy of
these results generation.

Materials and Methods

Hardware components

The automated image acquisition and analysis systems used in
LATEV are composed of (1) an optical microscope with motorized
stage, (2) a high-performance CCD camera (3) a robotic arm
attached to a base, in which there are also (4) stackers, in which the
plates are pilled and (5) a high-capacity workstation, all of these
elements delimited by (6) a closed optical cabin and supported on
(7) abase anti-movements. These systems also have other important
elements, such as magnetic locks on the cabin doors, security locks
for the operation of the robotic arm and an emergency button
to interrupt the image acquisition process at any of its stages.
Associated with the physical systems, there are software used for
the configuration and execution of the equipment’s actions.

General Configurations

The configurations executed in the associated software are
based on the interaction between the image acquisition / manual
quantification operator - the key user of the system - and the
software tools developed with specific artificial intelligence. The
settings made during this interaction are designated as teaching
processes, since the operator’s background guides fine adjustments
in order to teach the types and intensities of actions that will be
performed by the equipment. For the initial system configuration,
several parameters - such as circularity, diameter, color intensity
and other - must be defined in order to achieve the best conditions
for acquiring the images and, subsequently, to ensure that these
same conditions are reproduced before each new image acquisition.
To accomplish this step and generate clear images, the appropriate

balance for the signal-to-noise ratio, good brightness-contrast ratio
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and the proper balance of the primary colors of the microscope
light beam are configured. This color balance is based on the RGB
system defined in the microscope software [18,19].

Image Acquisition Settings

During this configuration, when the RGB balance is considered
ideal by the image acquisition operator (visual analysis), a reference
image with these values is saved. This reference image is then
allocated to a specific virtual folder, located on the same server as
the automation system’s computer. Before starting each new image
acquisition, the responsible software searches the saved image as
a reference of the RGB system, interprets that and configures the
camera and microscope so that they have values varying through
a delimited range. After configuring the color balance of the RGB
system, it is necessary to configure spatial coordinates for the
motorized stage of the equipment and the position of the holes in
the well plates whose images will be acquired. In this step known
generically as Mark and Find, the operator teaches the correct
positions of the wells, as well as the distance between a well and
the adjacent one, the so that, after the plate is placed on the stage
by the robotic arm, the microscope objective starts the acquisition
of images by the first well of the plate (A01 position) and that the
motorized stage moves the plate respecting (1) the distance and (2)
the correct sequence of the well [18,19].

Robotic Arm Movement Sequence

Once configured the stage and well plates spatial coordinates,
the operator moves on to teach the coordinates and Kkinetic
parameters of the robotic arm movement sequence. This step
has the general objectives (1) to define which movements will be
responsible for removing each plate from the stackers and placing
it on the microscope stage and (2) to develop a fine adjustment to
define how these movements will be carried out. All configured
movements define the final sequence, which is saved in a specific
virtual folder located in the same domain as the equipment’s
computer [20]. Before starting each new image acquisition, the
software responsible for the acquisition searches for the saved

Results

DENV 1

DENV 2

settings related to the robot sequence, and after the system has
its RGB parameters calibrated, the robot’s movement sequence is
performed to remove the plates from the stackers and place them
on the microscope stage.

Teaching the Counting Process

The image quantification is performed when the operator
teaches the system which value ranges should be considered
correct for the parameters that will be used in the quantification of
the images (teaching of quantification). The parameters considered
in this step consist of characteristics related to viral lysis plaques
(PFU) or viral foci (FFU) capable of differentiating those specific
structures that must be counted from other non-specific structures
that should not be included in the count. In this case, parameters
such as roundness, size (diameter) and color intensity are
configured by defining an interval, with maximum and minimum
values. At the end of the quantification teaching process, the settings
developed for a set of parameters are saved in a database, present
on the server where the system’s computer is also located [21].

Reading Process

After teaching the quantification, the next step is reading the
images, which is in fact their quantification. The reading process
is based on the application of the parameters, and their respective
value ranges, to the images acquired on the equipment. Using the
reading tool, a particular teaching method is selected, as well as
the images to be quantified [21]. The reading process is started
and automatically applies the settings developed for that particular
virus, studied by a specific assay, to quantify the virus structures
present in the images. At the end of this step, the quantified images
are saved in a specific virtual folder. In another folder, files are
saved in xls format, in which, for each acquired image, there is a
table with the counting of all the wells in the photographed plate. In
this way, automatic quantification, using Teaching & Reading tools,
is able to convert acquired images (qualitative results) into data
tables (quantitative results) in much less time than used in non-
automated quantifications.

DENV 3 DENV 4

Figure 1: Example well images showing DENV FFUs with different phenotype, according to each virus strain. These assays
were conducted in 96-well plates seeded with Vero cells (NIBSC), immunostained with 4G2, a peroxidase-labeled neutralizing
antibody against flavivirus, with TrueBlue (KPL Sera Care, USA) as the peroxidase substrate. Plates were imaged with an
optical microscope coupled to motorized stage and photographed by a high-resolution CCD camera.
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The acquisition and quantification (counting) methods were
developed using microPRN data of four strains of Dengue virus
(DENV). Images acquired, demonstrating the different phenotypes
among the four Dengue strains, are shown in Figure 1.

Automated Systems Qualification

Although the manual counting has the disadvantages
mentioned previously, this approach is a proper reference to
validate new techniques, such as the automated counting. Aiming

at this validation, the automated counting performed by these

systems were compared to the manual counting performed by two
human operators in different days. The FFU counting comparison is
represented in Figure 2. Coupled to the FFU counting comparison,
the automated systems qualification also considered the time
efficiency of each approach - automated system and human
operator - in counting virus structures. Besides the time during
which the counting were performed, this analysis also highlights
the time required by the automated systems to acquire images from
an entire 96-well plate. These data are illustrated in the Table 1.
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Figure 2: FFU counting comparing automated systems and two operators (manual counting). This comparison aims to qualify

the automated systems, and do use software R.

Table 1: Comparison of quantification time (in minutes) spent
by the two reference operators (manual counting) and the

automated systems.

Quantification Time (min)
Operator 1 (manual counting) 126
Operator 2 (manual counting) 144
Automated System 1 3
Automated System 2 5

Equivalence in The Automated Quantifications

In order to analyze the equivalence in FFU counting between
two different operators (manual counting) and the automated

systems, several 96-well plates were photographed, and the data
were saved as square .JPG images of more than 2000 x 2000 pixels.
Performing three independent runs, the viral structures were
counted by the human operators and by the automated systems.
The counting from one 96-well plate is represented in the Figure
3. In addition to the FFU raw values, other FFU counting indicators
were used in this analysis, such as average, standard deviation,
Coefficient of Variation (CV), maximum and minimum counting
values, in order to compare both automated systems during the
counting of the runs mentioned previously. Table 2 shows the
comparisons of these indicators.

Table 2: Indicators from the plates counting performed at both automated systems. Three independent running (P1, P2 and P3) had
their counting average, standard deviation (SD), coefficient of variation (CV) and minimum and maximum values calculated, and these

values are listed in the table. Data analyzed in R free software.

Average SD Ccv Min Max
Automated System 1 (P1) 149,19 36,08 24,18% 61 199
Automated System 1 (P2) 155,02 22,32 14,40% 107 219
Automated System 1 (P3) 145,13 22,43 15,46% 99 202
Automated System 2 (P1) 178,13 44,25 24,84% 63 376
Automated System 2 (P2) 179,08 24,78 13,84% 126 240
Automated System 2 (P3) 166,96 23,90 14,31% 123 228
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Figure 3: FFU counting from three independent running (P1, P2 and P3), quantified at Automated System 1 (blue spots) and
Automated System 2 (red spots), are plotted in the graph. Each point represents one of the 96 wells in each well plate.

Discussion

In this study, we have presented evidences of how automated
systems, applied to the neutralization assays’ routine, are able
to increase the throughput and lend accuracy to the results
generation. These systems are developed and introduced to the
neutralization routine by LATEV’s team, in partnership with other
companies, in order to create an automation platform, which offers
services of acquiring and processing images to internal projects
and to external clients as well. Unlike other solutions like CTL
software, that could offer a fast image acquisition but fails in the
generation of high-resolution pictures, our data clearly show the
quality of neutralizing assays images generated by our automated
platform. This high-resolution factor, in our understanding, plays a
major role in the FFU counting step, once each pixel of the captured
images will be analyzed by the configured parameters. This way,
the more details the images have, more accurate will be their
quantification. As already pointed out previously, even though it's
the gold standard tool for neutralizing assays, the manual counting
has several disadvantages that carry the researchers and operator

to look for a more effective approach [22].

However, the manual counting is still the best reference to
validate new methods. The data collected in this work show a
good correlation between the manual counting - performed by
human operators - and the automated counting - provided by our
systems after the proper parameters configuration. Besides this
equivalence, the time consumed by the systems to perform the
counting is hugely smaller than that done by the human operators.
This way, the potential errors from manual counting are mitigated
and the human labor could be allocated to other key activities

[23]. Introduced the automated systems with the purpose of
acquiring and quantifying images from neutralization assays, it is
crucial to assure that these systems are equivalent to each other.
The FFU absolute values and other parameters measured in the
results generated at these systems demonstrated that they can
be used together or one functioning like a backup for the other.
Taken as a whole, these data indicate that the automated systems,
developed and introduced by the automation team and partners in
the neutralization assays routine of LATEV, are capable to generate
high-quality images and they have the necessary reliability when
their FFU counting are compared to manual counting. The devices
have been shown an important ability to increase the amount of
analyzed assays in short periods, as well as the improvement of the
data generation throughput with much less rework [24-25].
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