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The enzyme-linked immunospot assay (ELISPOT) is a technique widely used to enumerate the
number of immune cells secreting a specific protein, such as antibodies or cytokines. A
limitationwith the ELISPOT assay is that it can only be used to detect a single protein of interest.
Recently, the ELISPOT technique has been modified to use fluorophores allowing multiple
secreted proteins to be detected simultaneously. This technique has greatly enhanced the
ability to identify cells secreting multiple proteins, but has not been used to its fullest potential.
We wished to accurately quantify the expression of antigen-specific antibody from a single
plasma cell and to determine whether plasma cells recovered from different locations had
different secretion rates. To achieve this we analyzed fluorospot images quantitatively using
Mira MX 7 UL Astronomy software, and coupled this data with a quantitative ELISA to
determine secretion rates from individual cells. Using this techniquewewere able to determine
that plasma cells recovered from the peripheral blood secreted the most antibody (1.667 ng/
cell/12 h) while splenic antibody secreting cells the least (0.399 ng/cell/12 h). Wewere able to
quantify a 150 fold difference in antibody secretion between cells, with most plasma cells
divided into two groups, low secretors (b0.1 ng/cell) or high secretors (N2 ng/cell). We believe
this technique will be particularly useful for examining the secretion ratio of two proteins
secreted from an individual cell, allowing us to determine if secretion is fixed or variable.
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1. Introduction

The utilization of the enzyme-linked immunospot (ELI-
SPOT) technique has allowed the exploration of two dimen-
sions of data, the number of cells secreting that particular
protein and the area of the spots created (Kalyuzhny, 2005a).
It has been used widely to enumerate the number of specific
antibody secreting cells (Crotty et al., 2004; Tuaillon et al.,
2006), or cytokine secretion from T cells (Malyguine et al.,
2007; Sachdeva and Asthana, 2007; Vasan et al., 2007).
Thus, the ELISPOT technique is very powerful for resolving
quantitative data of the number of secreting cells in a given
population. More recently, the fluorospot technique has been
described as a modification of the ELISPOT (Gazagne et al.,
2003; Gazagne et al., 2005; Rebhahn et al., 2008). Instead of
using chromagen deposition on the membrane, antibodies
: +1 508 999 8196.
ge).

All rights reserved.
are fluorescently tagged and read with a specialized fluoro-
spot reader. The benefit of this technique is that it has allowed
the examination of different proteins simultaneously, through
the use of multiple fluorophores.

With the sensitivity of both the fluorospot and ELISPOT
assays to detect low numbers of cells, it is surprising that this
technique has not been used to quantify the amount of protein
secreted from an individual cell. Some of themore sophisticated
software controlledequipmentdoallowbasic analysis of the size
of the secretion area (Rebhahn et al., 2008). However, chroma-
gen deposition from ELISPOT has a limited linearity and often
underestimates concentrations (Bromage and Kaattari, 2007).

In this study, wewanted to determine the secretion rates of
individual antibody secreting cells (ASC) recovered from the
various lymphopoetic tissues of rainbow trout. Our previous
research had determined that in the later stages of the immune
response following vaccination, the anterior kidney housed the
majority of ASC (Bromage et al., 2004; Zwollo et al., 2005). But
we wished to examine the contribution of both the number of
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Fig. 1. Grayscale fluorescent microscope image of a single fluorospot well.
Lymphocytes from a TNP-LPS immunized trout were incubated overnight on
an Immobilon FL membrane coated with TNP-BSA. To detect TNP-specific
antibody secreting cells, the membrane was developed using a fluorescently
labeled monoclonal antibody specific for trout Ig and the entire well was
visualized using a Zeiss fluorescent microscope using a 2.5× objective and
captured using a Axiocam Mrc. Insert. A magnification of an individual
ELISPOT demonstrating the resolution achievable via this method.
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ASC and their secretion capacity fromall tissues to have a better
understanding of the humoral immune responses. Quantitative
or semi-quantitative measurement of protein production
between treatments, organs, or cell types, may yield additional
information useful to the research. We, and others, have often
observed ELISPOT intensity differences between lymphocytes
isolated from various tissues (Bromage et al., 2004; Zhao et al.,
2008). For example, the lymphocytes from the anterior kidney
appear to be larger than those obtained from the spleen or
peripheral blood. While this was observable visually, it would
be advantageous to have quantitative data for comparison
between tissues.

In this paper we describe the use of the fluorospot assay
utilizing standard PVDF-FL membranes, a dot blotter, and a
fluorescent compound microscope for the detection of anti-
body secreting cells and a method for the quantification of
protein expression from individual cells.

2. Methods

2.1. Fluorospot

Rainbow trout were immunized with 50 μg of trinitrophenol
conjugated to lipopolysaccharide (TNP-LPS) in an equal volume
of Freund's Complete Adjuvant. Twenty weeks after injection,
lymphocytes were harvested from immune tissues and purified
using histopaque as previously described (Bromage et al., 2004).

To perform fluorospots, Immobilon FL membranes (Milli-
pore)were cut into strips 7 cm×2 cm, just smaller than the size
of amicroscope slide. Themembraneswere activated as per the
manufacturer's recommendations and inserted in a Bio Dot
apparatus (BioRad). The membrane was coated at room
temperature for 1 h with 100 μl of 100 μg/ml TNP-bovine
serum albumin (TNP-BSA) per well. The membranes were
subsequently blocked with 3% casein and washed 2 times with
RPMI. Dilutions of purified lymphocytes in RPMI were added in
duplicate to the wells of the BioDot apparatus and then
incubated for 12 h at 18 °C. Following incubation, the fluid
was removed from the wells, the apparatus disassembled, and
the membrane placed into PBS. The membrane was gently
wiped (Kimwipes) to remove adhered cells and debris, washed
two more times in PBS, and then blocked againwith 3% casein.
To detect bound antibody, 1 μg/ml of Alexafluor 647-labeled
mouse anti-trout heavy chain antibody (1–14; DeLuca et al.,
1983) in PBS was added to the membrane and incubated in the
dark for 1 h. The membrane was washed three times with PBS
and allowed to completely dry.

The membrane strips were then sandwiched between two
microscope slides and visualized on a Zeiss Axio Scope A1
compound microscope equipped with suitable fluorescent
filters and a 2.5× objective. Fluorescent images were captured
in grayscale with an axiocam MRc camera.

2.2. Fluorospot analysis

To densitometrically analyze the fluorospot data, the
astronomy software Mira MX (Mirametrix, AZ) was utilized.
Images obtained from the microscope were binned (2×2)
and converted to a TIFF file. The image was imported into the
MiraMX software and an entirewell was selected for analysis.
Three dimensional contour plots were created and total
volume of the peaks (spots) was calculated automatically
to produce a total intensity profile. Statistical analysis of the
plot revealed maximum andminimum intensities and ranges.
Individual spots were selected for detailed contour analysis by
selecting the area of interest within the software.

2.3. Quantitative ELISA

In parallel to the fluorospot incubation, purified lympho-
cytes in RPMIwere added to a tissue culture plate at a density of
106 cells per well and incubated for 12 h. Supernatants were
harvested, sterile filtered, and processed via a quantitative
ELISA for the concentration of TNP-specific antibody. To achieve
this, 96 well ELISA plates were coated with 10 μg/ml TNP-BSA
and blocked with 3% casein. The supernatants were titrated in
duplicate anda trout anti-TNP standardofknownconcentration
was added to each plate. Following a 1 h incubation the plates
were washed, and 1 μg/ml of the monoclonal antibody 1–14
was added, followed by washing and the addition of goat-anti-
mouse horse radish peroxidase. The ELISA plates were devel-
opedwith ABTS andmaximum rates for eachwell recorded and
plotted. The total concentration of anti-TNP antibody was
subsequently calculated for each tissue.

2.4. Assigning secretion amounts to individual plasma cells

Following the ELISA and fluorospot analysis the total anti-
body concentration was divided by the total image intensity
profile (total intensity volume above the background of the
entire well). This allowed individual spots to be assigned
exact antibody quantities.

3. Results

3.1. Flourospot

Imaging of an entire well could be achieved in a single
image under 2.5× magnification objective (Fig. 1). At this



Table 1
The relationship between the number of antigen-specific antibody secreting
cells and the concentration of specific antibody from lymphocytes isolated
from the blood, anterior kidney, posterior kidney, and the spleen.

Tissue TNP-ASC/106

lymphocytes
TNP-specific
antibody (ng)/106

lymphocytes

Mean antibody
secretion per
ASC (ng/ASC)

Peripheral blood 90 150 1.667
Spleen 2349 937 0.399
Posterior kidney 5427 3409 0.628
Anterior kidney 3834 1875 0.489

Fig. 2. ELISPOT image analysis using Mira MX 7 UL software. (A) The image captured in Fig. 1 was digitally inverted and a whole well densitometry overlay created
(B) using the Mira MX UL software (Mirametrics). Fine detail of individual spots can be achieved by restricting the software analysis to specific sections which
allows precise resolution of individual spots and accurate quantification of low secretors (C) and high secretors (D).
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magnification the smallest spots possessed a 9 pixel diameter,
thus approximately 60 pixels could be used for intensity
analysis (Fig. 1 insert). Image analysis using the MiraMX soft-
ware allows a 3 dimensional profile of the entire well to be
created (Fig. 2A, B) and the total pixel volume to be estimated
(i.e. the sum of the pixel intensities of all spots minus the
background intensity). In addition, spot volume can be
calculated for individual spots (Fig. 2C, D).

The fluorospots were enumerated from all wells contain-
ing between 5 and 100 spots. The number of spots was then
multiplied by the dilution to give an estimate of how many
antibody secreting cells there were for each tissue per 106

lymphocytes. Data for a single fish are shown in Table 1. The
posterior kidney possessed an average of 5427 TNP-specific
antibody secreting cells per 106 lymphocytes (c.a. 0.54%),
while the blood contained only 67 TNP-specific antibody
secreting cells per 106 lymphocytes (c.a. 0.0067%).

Over a 12 h period, lymphocyte cultures from the spleen,
anterior kidney, posterior kidney, and blood secreted 937,
1875, 3409,and 150 ng of TNP-specific antibody per 106 cells
respectively (Table 1). On average peripheral blood antibody
secreting cells secreted the most Ig (1.667 ng/cell), and
splenic antibody secreting cells the least (0.399 ng/cell).

The total pixel intensity for each well was plotted against
the concentration of TNP-specific antibody (Fig. 3) for that
particular lymphocyte population. The results indicate that
there is a strong linear association between pixel intensity
and antibody concentration. This demonstrates that pixel



Fig. 3. Relationship between total pixel intensity of TNP-specific ELISPOTS
and concentration of TNP-specific antibody determined via ELISA. The total
pixel intensity of each well (n=15) was determined using the Mira MX 7 UL
Software (Mirametrics) and was plotted against the concentration of TNP-
specific antibody determined via quantitative ELISA from the corresponding
well.
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intensity can be associated linearly with antibody concentra-
tion and used to estimate the amount of antibody secreted per
cell (i.e. antibody secreted in each spot).

In this particular assay, the volume (antibody) differences
between spots ranged by approximately 150 fold with the
most dramatic differences observed in the peripheral blood
(Fig. 2C, D). Most antibody secreting cells could be divided
into two groups, low secretors (b0.1 ng) or high secretors
(N2 ng).
4. Discussion

Quantitative densitometry has been widely applied to
estimate the amount of total or specific protein found in a
sample. For accurate estimation of proteins, often laser densi-
tometers or fluorescent based systems are used which posses
a wide linear range. Until recently, ELISPOT assays were
performed using chromagen deposition; thus while easily
imaged, the limited quantifiable range of chromagen based
systems would restrict the analysis (Bromage and Kaattari,
2007). Here we describe a technique using the fluorospot
assay to accurately estimate the secretion of antibody from
individual antibody secreting cells. It was determined that
antibody secreting cells found in the blood of TNP-LPS
injected rainbow trout secreted the most antibody (an
average of 1.667 ng/ASC) over a 12 hour incubation period,
while those in the spleen produced the least (an average of
0.399 ng/ASC) (Table 1). Individual secretion rates from
plasma cells differed up to 150 fold; however, most cells could
be divided into high secretors (N2 ng/cell) or low secretors
(b2 ng/ASC).

We are not aware of another published technique which
allows accurate quantification of secreted proteins from
individual cells simultaneously. For example, Werner-Favre
et al. examined individual cells via limiting dilution analysis
and quantitative ELISA to approximate the secretion of IgM,
IgG, IgA, and IgE from precursors over a 3 day period (Werner-
Favre et al., 1993). Utilizing these techniques, they estimated
that IgM producing plasma cells were producing 273 pg of
antibody/cell/24 h. To determine antibody secretion rates
within an individual, Salmon and Smith estimated total num-
ber of antibody secreting cells and production of antibody in
vivo to calculate that plasma cells were secreting between 50
and 340 pg Ig/cell/day (Salmon and Smith, 1970). More
recently, Ig secretion from tonsilar plasma cells was approxi-
mated semi-quantitatively by correlating ELISPOT diameter
with Ig secretion (van Laar et al., 2007). However, the use of a
chromagen deposition technique for the ELISPOT, rather than
fluorometry, did not allow detailed assessment of individual
spots. We are uncertain whether the higher average rate
observed in our experimental system (e.g. splenic plasma
cells produced 0.399 ng/ASC) was due to species differences,
or due to differences in experimental design.

While the method described herein may not be suitable to
high throughput applications, it does represent a method for
quantification of individual spots which can be achieved
without sophisticated (or expensive), dedicated, fluorospot
equipment. We feel that this particular protocol will provide a
highly accuratemeans of estimation, as it does not suffer from
the problems acknowledged by comparable techniques such
as the KS ELISPOT (Kalyuzhny, 2005b). The process of image
acquisition from within a microwell plate causes problems
such as well edge effects, internal reflections from the
microplate, and the need for piecing togethermultiple images.
Even though the ELISPOT assay described here provided at
least 60 pixels per spot, if more detail is required it can be
easily achieved by increasing the objective magnification. We
have successfully used this technique at 2.5×, 5×,10×, and20×
magnification, providing crisp detail of individual spots.

A recognized limitation of this technique is that we were
unable to find a suitable fluorescent control to add to each
well, or near each well, so that we could normalize the data.
Finding such a control would allow a direct comparison
between different fluorospot images captured at different
times. However, as the main goal of this project was to
compare fluorospot data to ELISA results, the need for an
internal control was minimized.

The full utility of this technique may become evident
when it is coupled with multiple fluorescently labeled
antibodies detecting discrete targets. Quantitative assessment
of multiple proteins from a single cell will allow exploration of
secretion ratios. For example, it has recently been determined
that a population of human plasma cells secrete antibody
possessing multiple light chains (Casellas et al., 2007; Witsch
and Bettelheim, 2008). This technique would allow the reso-
lution of the secretion ratio of kappa light chain to lambda
light chain, to determine whether they are fixed or variable at
the cell level. Two and three color fluorospots are already
being used to help determine the multiple proteins of a
specific cell type (Rebhahn et al., 2008). Our new method of
protein quantification, with the use of quantitative ELISA of a
specific protein andmulti-colored fluorospot, may help reveal
the amounts at which these proteins are being used by a cell
of interest in a simple manner without the need for dedicated
fluorospot hardware and software.
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