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Abstract
During the recall response by CD27+ IgG class switched human memory B cells, total IgG secreted
is a function of (1) the number of IgG secreting cells (IgG-SC) and (2) the secretion rate of each cell.
Here we report the quantitative ELISPOT method (qELISPOT) for simultaneous estimation of single
cell IgG secretion rates and secreting cell frequencies in human B cell populations. We found that
CD27+ IgMneg memory B cells activated with CpG and cytokines had considerable heterogeneity
in the IgG secretion rates, with two major secretion rate subpopulations. B cell receptor cross-linking
reduced the frequency of cells with high per-cell IgG secretion rates, with a parallel decrease in
CD27hi B cell blasts. Increased cell death may account for the BCR-stimulated reduction in high-
rate IgG-SC CD27hi B cell blasts. In contrast, the addition of IL-21 to CD40L +IL-4 activated human
memory B cells induced a high-rate IgG-SC population in B cells with otherwise low per-cell IgG
secretion rates. The profiles of human B cell IgG secretion rates followed the same biphasic
distribution and range irrespective of division class. This, along with the presence of non-IgG-
producing, dividing B cells in CpG+ck-activated B memory B cell populations, is suggestive of an
“On/Off switch” regulating IgG secretion. Finally, these data support a mixture model of IgG
secretion in which IgG secreted over time is modulated by the frequency of IgG secreting cells and
the distribution of their IgG secretion rates.
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Introduction
During the recall response of class switched IgG+ CD27+ memory B cells, the total amount of
immunoglobulin (IgG) secreted during an in vitro assay is a function of the total number of
living cells (PBlive), the fraction of these cells secreting IgG (φASC ), the rate at which IgG is
secreted by each cell (σIgG ), and the duration of the assay. This can be described quantitatively
by the equation in Figure 1a. Antibody secreting cells (ASC) are a fraction of the total number
of live and dividing B cells. The number of ASC increases after activation by both cell division
and differentiation of non-secreting B cell blasts into IgG ASC, resulting in an increase in IgG
released (1). We do not know, however, whether the total amount of IgG secreted during a
recall response results from a division-linked increase in the IgG secretion rate of each cell
(σIgG) with each new generation of cells or if σIgG is simply fixed for all activated B cells. In
this report we investigate this question by directly measuring the frequency of IgG secreting
cells and rate of IgG secretion for each individual cell (σIgG) within multiple populations of
CD27+ IgG+ memory B cells activated with CpG and cytokines (CpG+CK).

CD27+ memory B cells activated by CpG2006 oligodeoxynucleotides (CpG) via TLR-9
signaling (2) respond by rapid proliferation, differentiation into plasmablasts, and an increase
in Ig secretion (3,4). We tested three hypotheses (Fig. 1) designed to describe the kinetics by
which individual CD27+ IgG class switched memory B cells activated by CpG DNA in the
presence of exogenous IL-2, IL-10, and IL-15 (CpG+CK) secrete IgG. In the secretory rate
maturation hypothesis, memory B cells divide and differentiate, with σIgG increasing with each
cell division until a maximum rate is reached. This mechanism seems plausible as IgG secreting
B cell blasts, plasma cells and hybridoma clones exhibit heterogeneity of IgG secretion rates
(5-8). A competing hypothesis is that antibody secretion is controlled by a stochastic binary
“On/Off” switch, in which all B cells secreting IgG do so at a rate (σIgG ) which is fixed
irrespective of the number of post-activation cell divisions or other factors (9,10). In this second
hypothesis, memory B cell activation results in memory B cell proliferation (B cell blasts), and
some of these B cell blasts “switch on” where IgG is secreted by each cell in this population
at individual rates that conform to a fixed statistical distribution. A third hypothesis would
allow for multiple subpopulations of IgG secreting B cell blasts, and within each of these
populations antibody secretion is switched “on/off” with a fixed IgG secretion rate distribution
characteristic of each population. In this last model, there is a mixture of different B cell
subpopulations with high or low Ig secretion rates (σIgG ) with each responding to
environmental stimuli by selective proliferation, death or differentiation. The differential
responses of each sub-population would provide a mechanism for fine tuning the amount of
IgG secreted by the overall population based on environmental context and cues, such as
cytokines or costimulatory signals.

The fraction of antibody secreting cells (φASC ) in a population can be measured by conventional
ELISPOT but this method provides little quantitative information about variations in σIgG
between individual antibody secreting cells (11). Because only a fraction of activated B cells
actually secretes IgG in most experiments, dividing the total amount of IgG, as measured by
ELISA, by the number of cells secreting IgG, gives an average σIgG, but no information
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regarding the variation or range of σIgG among individual cells a population of B cell blasts or
plasma cells.

In this manuscript, we describe a quantitative ELISPOT method (qELISPOT) that permits
measurement of IgG secretion rates for each individual cell, and the frequency of IgG secreting
cells within the same experimental population. The standard ELISPOT method can enumerate
immunoglobulin secreting B cells within an activated population (11). Intuitively, spot size
and optical density should correlate with the total amount of immunoglobulin secreted over
the time a cell is in contact with the ELISPOT membrane. With image analysis software it is
possible to both count individual spots, and to quantify the total spot area and the spot intensity
(12). Total spot intensity is sum of the spot pixel values within the spot area, expressed in this
manuscript in arbitrary pixel intensity units (Int-U). The quantitative relationship between spot
intensity and the IgG secretion rate σIgG (fg IgG•hour−1•cell−1) can be estimated by releasing
defined quantities of IgG from polymer beads of varying surface area and binding capacity in
parallel ELISA and ELISPOT assays. Each bead type creates a distribution of spots with a
relatively uniform area and intensity distribution, and the parallel ELISA allows measurement
of total IgG released for a known number of beads. The result can be used to correlate spot
intensity to femtograms of IgG.

We coupled the quantitative ELISPOT (qELISPOT) method with CFSE cell kinetic analysis
to measure the contribution of cell division to total IgG secreted, σIgG , and φASC. The combined
methods were then used to study the effect of different stimulation conditions on the
distribution of single cell antibody secretion rates of CD27+ IgMneg memory B cells by division
number, and to discriminate between the hypotheses of IgG production: (1) secretion rate
maturation, in which IgG secretion rates increase with post-activation division class and (2)
“On/Off” secretion, in which σIgG are fixed for each ASC within a range, and are turned on or
off by external signals, and (3) the mixture model, where sub-populations of φASC have different
statistical distributions of IgG secretion rates (σIgG).

Materials and Methods
Human Subjects Protection

This study was approved by the Research Subjects Review Board at the University of Rochester
Medical Center. Informed consent was obtained from all participants. Research data were
coded such that subjects could not be identified, directly or through linked identifiers, in
compliance with the Department of Health and Human Services Regulations for the Protection
of Human Subjects (45 CFR 46.101(b)(4)).

Myeloma Cell Culture
IgG-secreting myeloma cells, MPR-1130 (established in our laboratory), MC/CAR and Ramos
cell lines (ATCC, Manassas, VA) were maintained in log-phase growth as previously described
(13).

Antibody Reagents
For ELISPOT and ELISA capture Ab, we used Mouse anti-Human IgG (H+L) (Jackson, West
Grove, PA). For ELISPOT detection, we used phosphatase-conjugated Goat anti-Human IgG
(Jackson, West Grove, PA), for ELISA detection, peroxidase-conjugated Goat anti-Human
IgG and peroxidase-conjugated bovine anti-goat IgG, standard curves made with human IgG
F(ab)2 fragment (all from Jackson, West Grove, PA). FACS analysis was performed using the
following; Anti-CD19 PECy5, anti-CD27 allophycocyanin, anti-CD38 PECy7, anti-CD38
allophycocyanin, anti-IgG FITC, anti-IgG PECY5, anti-IgM PE, anti-CD19 Biotin, isotype
controls of mouse IgG1k conjugated to FITC, Pacific Blue, PE, PECy5, PECy7, Alexa 700,
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allophycocyanin, and Biotin, PE (all from BD Bioscience, San Diego, CA), anti-CD20 Pacific
Blue, anti-CD27 Alexa 700, (eBioscience, San Diego, CA), and Streptavidin-Qdot 705
(Invitrogen Carlsbad, CA).

B Cell Isolation
Human peripheral blood mononuclear cells were isolated by Ficoll gradient centrifugation as
previously described(4). Negative magnetic immunoaffinity bead separation (Miltenyi Biotec,
Auburn, CA) was used to isolate total CD19+ B cells. Anti-IgM-PE antibody (BD Biosciences,
San Diego, CA) and anti-PE beads (Miltenyi Biotec, Auburn, CA) were used to deplete the
IgM expressing naïve and memory B cells from the CD19+ B cell population. IgA was
expressed by a small fraction (2-11%) of remaining cells and this proportion did not change
significantly after 72 hours of stimulation with CpG in the presence of recombinant human B
cell activating factor (BAFF), IL-2, IL10, and IL-15.

Flow Cytometric Analysis
Flow cytometric analysis of B cell surface and intracellular markers and CFSE labeling was
performed as previously described (4) on an LSR II cytometer with FACS Diva data acquisition
software. Results were analyzed using FlowJo software (Treestar, Ashland, OR). Flowjo
software (Treestar, Ashland, OR) was used to display and gate data.

B Cell Stimulation
Cells from a single donor were split into separate stimulation cultures as previously described
(4). CpG 2006 (10ng/ml, Oligos, etc., Wilsonville, OR), plus recombinant human cytokines
IL-2 (20 IU/ml), IL-10 (50ng/ml), IL-15 (10ng/ml) (all from BD Biosciences, San Diego, CA),
and recombinant BAFF (75ng/ml, Chemicon, Temecula, CA) were used in PC-L medium
(IMDM medium, lacromin (50μg/ml, Seracare, Milford, MA), insulin (5μg/ml, Sigma-Aldrich,
St. Louis, MO), penicillin/streptomycin (1x, Invitrogen, Carlsbad, CA), gentamicin (15μg/ml,
Invitrogen,), heat-inactivated fetal bovine serum (10% v/v, Invitrogen), normocin (0.1% v/v,
Invivogen, San Diego, CA)) in round-bottomed 96-well plates (BD Biosciences, San Diego,
CA). BCR-cross-linking was accomplished in some cultures using soluble F(ab)2 fragments
of goat anti-human IgA, IgG, and IgM (H+L) (Jackson, West Grove, PA). Before ELISA and
ELISPOT assays, cells treated with BCR-crosslinking antibodies were saturated with human
soluble IgG F(ab) fragments (1mg/106 cells, Jackson, West Grove, PA) and washed four times
in a large volume of PBS. This step was performed to prevent inadvertent capture of IgG
secreted by the cells during the assay by residual BCR-crosslinking anti-IgG on the cell surface.
Some sets of cells were stimulated by co-culture with irradiated fibroblasts expressing CD40L,
as previously described (15), rhuIL-4 and/or rhuIL-21 (BD Biosciences) in 48-well flat-
bottomed plates(14). Flow cytometry was used to assess CD40L expression of the fibroblasts.
All cells were cultured for 72hrs or 96hrs after isolation at 37°C, 5% CO2 before being placed
into assays.

Antibody Coated Paramagnetic Bead Preparation
Streptavidin-coated paramagnetic microspheres 8, 10 or 12 microns in diameter (Bangs Lab,
Fishers, IN; micromod Partikeltechnologie GmbH, Germany) were incubated in DSB-IgG
(Human IgG from Jackson, West Grove, PA) Invitrogen, Carlsbad, CA). Sixteen micron
diameter beads (Micromod DE, Germany) were first coated with streptavidin (Sigma-Aldrich,
St. Louis, MO) using (PolyLink Coupling Kit, Bangs Lab, Fishers, IN), then incubated in DSB-
IgG. Additional streptavidin was attached to 10 or 16 micron beads using an 8-branch PEG
polymer with amino linker groups (NOF America, White Plains, NY). All beads were washed
overnight in phosphate-buffered saline (PBS) plus 2% w/v bovine serum albumin at room temp
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with slow mixing on a rotator. Bead concentration was determined by manual count using a
hemocytometer (VWR, Westchester, PA).

Pre-spotting ELISPOT wells with beads
Control wells of 96 well assay plates were seeded with IgG bearing beads, each bead type in
triplicate wells. The IgG was released from the beads, and then the wells were washed in
advance of all experiments. Three columns of each twelve-column (96-well) plate were pre-
wetted with 35% ethanol for 1 min, rinsed with PBS, then coated with for 1 hr with 10μg/ml
mouse anti-human IgG capture antibody (Jackson, West Grove, PA), washed three times with
sterile PBS, and blocked with PBS + 2% Bovine Serum Albumin (Sigma-Aldrich, St. Louis,
MO). The ferro-magnetic IgG coated beads were plated at a density of 300 beads/well and D-
biotin (9mM final, Invitrogen, Carlsbad, CA) added to each well to release the low-affinity
DSB-IgG from streptavidin. The ELISPOT plates were placed on large rare-earth magnets to
settle the magnetic beads rapidly to the well membrane and immobilize them during antibody
release. Beads were also placed into ELISA plates coated with the same capture antibody used
in the ELISPOT assays. ELISPOT and ELISA plates were incubated at 37°C for 4 days and
the bead-containing wells washed with PBS+ 0.1% Tween-20 (Sigma-Aldrich, St. Louis, MO),
rinsed with water, and air-dried.

Paired ELISA-ELISPOT assays
ELISPOT plates pre-spotted with beads were prepared for assay by coating, washing and
blocking unoccupied wells as stated above for bead pre-spotting. Matching ELISPOT and
ELISA plates were plated with 9 replicate wells of beads for standard curve generation. Time
point plates were plated with pre-spotted with triplicate wells of each bead standard. B cells
were collected, washed, counted with trypan blue for viability to calculate live cell numbers
for plating. At each time point, ELISPOT plates were washed with PBS, rinsed with distilled
water, air-dried and stored overnight in the dark at room temperature before development as a
batch with the standard curve ELISPOT and ELISA bead plates.

ELISA plates were processed by incubation for 1 hour at 37°C with horseradish peroxidase-
conjugated goat-anti-human IgG in PBS with 2% BSA, washed, and then incubated with
bovine-anti-goat IgG-HRP in PBS + 2% BSA for 1 hour at room temperature. The wells were
washed and color developed using ABTS One Component Microwell Substrate (Southern
Biotech, Birmingham, AL) and read at 405nm on a Benchmark Plus microplate
spectrophotometer (Bio-Rad, Hercules, CA).

ELISPOT plates were processed by re-wetting well membranes for 1 minute with 35% ethanol,
rinsing with PBS and incubating with detecting antibody for 2 hours at room temperature. The
wells were washed with PBS plus 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MO), and
incubated with alkaline phosphatase substrate kit III (Vector, Burlingame, CA) for 30 minutes
at room temperature in the dark. The wells were washed with tap water and air-dried. Individual
ELISPOT well membranes were punched out of the plates onto adhesive film, scanned at 3600
dots per inch with a HP Scanjet 8300 high-resolution flatbed scanner (Hewlett Packard, Palo
Alto, CA), set for no auto-correction, no lighten/darken, no sharpening, and no color
adjustment. Each plate image was saved as a single bitmap file.

ELISPOT Analysis
Each plate bitmap image was divided into individual well images using image processing
software developed in MATLAB as previously described (12). The image in each red, green,
blue-channel was processed independently from the other channels. Image contrast was
enhanced using a custom Laplacian filter, and noise was reduced using a 3×3 median filter
applied 3 times. The image was then inverted, a watershed transform applied. The watershed
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image was converted to binary. Non-uniform background was then approximated from the
filtered image using the watershed image as a mask. The background was then subtracted from
the filtered image, and segmented by a threshold. Final segmentation was achieved by
multiplying the segmented image by the binary watershed image. Each segment, representing
a spot, was then assigned a unique identification number. These segments were used for
subsequent spot measurements.

Total spot intensity was calculated by:

which is the sum of the pixel intensity values (Iki) in spot k of all the pixels from 1 to pk within
the spot boundaries. Spot circularity was calculated by:

Where μR and σR are the mean and standard deviation of R, defined for any spot i:

where s is the total number of pixels on the perimeter of the spot, (x,y) are the coordinates of
the centroid of the spot, and (mij, nij) are the coordinates of the jth pixel on the spot perimeter.
Thus, if all the perimeter spots are equidistant from the centroid, σR = 0, and C=1, indicating
a perfect circle.

Statistics
Descriptive statistics (mean, geometric mean, standard deviation) and regression analyses
performed using Statistica (StatSoft, Tulsa, OK). Group comparisons were performed using
Student's t-test and the non-parametric Wilcoxon rank sum test (16). Histogram plotting for
qELISPOT population parameters was performed using Flowjo software. Comparisons of spot
distributions were performed using the distribution-free two-sample Kolmogorov-Smirnov test
(16).

RESULTS
CpG+CK Stimulation of memory B cells produces a biphasic IgG secretion profile

We first measured the frequency and IgG secretion rates of peripheral blood isolated human
IgMneg memory B cells stimulated for 72 hours with unmethylated CpG2006
oligodeoxynucleotide in the presence of IL-2, IL-10, IL-15 and BAFF (CpG+CK) (Fig. 2). IgG
ELISPOT data was acquired with a high-resolution optical scanner and spots were analyzed
as described (12). Measured spot parameters included spot area (number of pixels), intensity
(the sum of pixel values of the spot), the location of each spot in the well, and spot circularity.
Data were exported in Flow Cytometry Standard 3 listmode format, gated and analyzed using
standard flow cytometry analysis software.
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Figure 2a shows representative unprocessed IgG ELISPOT images from CpG+CK-stimulated
and unstimulated B cells, and the corresponding processed images with spot boundaries
delineated. A large increase in the number of IgG spots (34 spots control vs. 751 CpG+CK
from 1200 total cells plated; representative of 6 separate experiments) can be seen with CpG
+CK stimulation. A representative three-dimensional intensity plot of one spot is shown in Fig.
2b. The coordinates of each pixel (x, y) are used to calculate spot area. The z-axis values
correspond to the pixel intensities, which are summed over the spot area to calculate the spot
Intensity (Int).

Spot circularity was used to discriminate between spot artifacts and spots produced by cells
(Fig. 2c). A perfectly circular spot has a value of C=1.0. Many of these artifacts have a very
small area and are found at the edge of the well. If spots of C<0.6 were included, the total
number of spots would routinely exceed the total number of cells plated in the experiment by
a factor of 2-4. Thus, these artifacts were identified and eliminated from the analysis by creating
a pooled sample from all 96 wells of each ELISPOT plate and using a bivariate plot of radial
distance from the well center versus spot circularity. Note that this gating strategy also allowed
us to identify and include highly circular “true” spots at the well edge in the final analysis.

After gating, data from each set of replicate wells were pooled and analyzed. The increase in
number and size of spots with CpG+CK seen in the images in Fig. 2a, is reflected in Fig. 2d,
spot intensity and spot area histograms (n=6 wells per sample). Histograms reveal a range of
spot size and intensity distributions spanning two logs in pixel area and four logs in intensity.
Total spot intensity is a multiple of the area times the amount of antibody captured in that area,
so it is not surprising that intensity shows much clearer separation between high and low IgG
containing spots. Two major subpopulations were seen, smaller IgG spots with intensities in
the same range as spots found in cultures of unstimulated B cells (<2000 Int-U) and a second
population of spots produced by cells that have increased their IgG secretion in response to
CpG+CK stimulation (>2000 Int-U). Total IgG secretion of the population, as measured by
ELISA, also increased in response to CpG+CK stimulation (145.1±77.5 pg/1000 cells CpG
+CK, 5.27±0.53 pg/1000 cells unstimulated). We next quantified the IgG secretion rates in the
two IgG-SC populations present in this biphasic response.

Mapping spot intensity values to antibody secretion
We estimated single cell IgG secretion rates using a standard curve that translated spot intensity
into fg IgG•cell−1• hour−1 incubated. We used known numbers of streptavidin coated beads of
different sizes and binding capacities to release DSB-biotin-conjugated IgG in ELISA or
ELISPOT assays performed at the same time with the same capture antibodies and under the
same conditions. Figure 3 shows images taken from ELISPOT wells with spots produced by
these beads. A standard curve was obtained by plotting mean spot intensity against IgG
measured by ELISA. Figure 3 demonstrates the calculation of a standard curve, relating spot
intensity to amount of IgG released per spot. Individual cell IgG secretion rates (σIgG) measured
in our assays ranged from 52.2 ± 178 fg IgG•cell−1•6 hour −1 to 44,961 ± 29,145 fg
IgG•cell−1• 6 hour −1 (n=15 separate experiments).

The intensity of IgG-spots generated by cells or beads is a better measure of IgG secreted
than spot area

To assess which parameter best correlates with IgG released per spot, we measured the mean
intensities and the mean areas of ELISPOTs made by the myeloma cell lines MC/CAR,
MPR1130 (1-6 hour time-points), and IgG-releasing beads (Fig. 4). Three-dimensional spot
images are also shown, demonstrating changes in spot morphology as the spots increase in
size. In all cases, spot area and intensity had a monotonically increasing relationship, suggesting
that either parameter could be used to relate spot size to IgG released. Under these conditions,
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we did not observe complete saturation of the pixel values for the central portion of the spots
(data not shown). Total spot intensity, the total of the pixel values for each spot, was directly
related to the spot area, but spot intensity histograms yielded a broader range of spot values.
We thus chose total spot intensity for our comparisons as it provided a clearer separation
between different populations of spots.

Assay incubation time (tinc) must be adjusted to stay within the standard curve range
One obvious difference between IgG-releasing beads and B cells is that while beads release a
fixed amount of IgG, B cells actively synthesize IgG. Thus, both beads and spots are similar
in their release of IgG over time. Although the total amount of IgG released by beads is limited
by the bead surface area and fixed binding capacity, cellular IgG secretion is limited by the
secretory rate. Therefore, the length of time the cells are in contact with the ELISPOT
membrane in the assay plate (tinc) is a critical factor in the amount of IgG captured as spots,
and in reaching a saturation point of the capture molecules on the ELISPOT membrane. To
better explore this issue, we examined the effect of incubation time on spot intensity using
MPR1130 myeloma cells which produce very large IgG-spots and have a high mean secretion
rate as determined by ELISA (492.02 ± 36.892 fg IgG•cell−1• hour −1), and MC/CAR myeloma
cells that produce smaller spots, secreting IgG at a lower mean rate (30.786 ± 10.074 fg
IgG•cell−1• hour −1) (Fig. 5). In these experiments, MPR spots with intensity values greater
than 2×105 Int-U merged with neighboring spots, confounding analysis. However, the number
of spots produced by low-rate IgG-secreting MC/CAR cells was still increasing at 12 hours,
suggesting that more cells secreting IgG at very low rates produce detectable spots in longer
incubations. These observations invited two conclusions: (1) that the spot size increases with
time, so the assay sensitivity can be ‘tuned’ by varying the incubation time, and (2) spot sizes
with real cells can be quite heterogeneous, such that cells producing IgG at low secretion rates
may only be detected in longer assays. Thus, subsequent experiments were designed by
performing initial “range-finding” pilot studies to tune the incubation time and insure that cells
secreting IgG at low secretion rates were, within the limits of the method, captured in each
experiment series.

B cell receptor cross-linking with soluble anti-IgG F(ab)2 fragments inhibits the CpG+CK
stimulated increase in IgG-SC

CD27+ memory B cells activated by CpG2006 oligodeoxynucleotides (CpG) via TLR-9
signaling (2) respond by rapid proliferation, differentiation into B cell blasts, and an increase
in Ig secretion (3,4,17). These changes are division linked, such that the frequency of IgG
secreting B cells increases with each post-activation mitosis.(1,10) Depending upon cell
maturation and culture conditions, BCR activation has also been shown to enhance CpG
induced proliferation in some studies (17-20) and inhibit it in others. (21) Thus, total IgG
secretion by activated memory B cell populations could change due to either the percentage
of cells able to secrete IgG, φASC, or the secretion rate per cell, σIgG. Therefore, we performed
the following experiments to examine the contributions of proliferation, cell death, secretory
rate, and the frequency of IgG-SC to antibody production in CD27+ human memory B cells
activated by CpG+CK, BCR crosslinking with soluble anti-IgG F(ab)2 fragments, or both.

Human memory B cells were negatively selected from peripheral blood and depleted of IgM
+ cells to yield CD19+ CD27+IgMneg memory cells. We chose a negative selection procedure
to isolate CD19+ IgMneg peripheral blood memory B cells to avoid the potential activation of
the B cells through binding of cell surface CD27 or crosslinking the BCR.(22) (23) These cells
were then cultured for 96 hours with different stimulation conditions: medium alone
(unstimulated), CpG+ cytokines (IL-2, IL-10, IL-15, BAFF) (CpG+CK), soluble anti-human
IgG F(ab)2 fragments of BCR-cross-linking antibody (BCR-x) or CpG+CK and BCR cross-
linking (CpG+CK+BCR-x)) (n=6 wells, 300 live cells/well, 9 experiments). Parallel ELISPOT
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and ELISA assays were seeded with washed cells and incubated for 4 hours, to capture spots
from high σIgG cells most clearly, and 19 hours, to better assess spots with a low σIgG.

CpG+CK stimulated a large increase in the total number of IgG-SC as well as the fraction of
cells secreting at a high σIgG (IgG>1000 fg•cell−1) (Fig. 6a). Unstimulated IgG memory B cells
and cells stimulated with soluble BCR-x alone produced very few spots, all within the low
σIgG range (IgG<1000 fg•cell−1), even at the longer 19 hour assay time. BCR cross-linking
reduced the proportion of the IgG-secreting CpG+CK-stimulated IgMneg B cells. In five
experiments, the frequency of high σIgG IgG-SC was reduced by an average of 92.7 ± 4.73%
and low σIgG IgG-SC by 53.3 ± 18.7%. This difference in reduction rates between the
populations suggests that the low range σIgG IgG-SC spots detected are not merely background
spots, but are spots produced by stimulated B cells. Multiple subpopulations within the major
low and high σIgG IgG-SC subpopulation were also observed.

An increase in high-rate IgG-SC in memory B cell cultures stimulated with CpG+CK is
associated with an increase in number of cell divisions and CD27 expression

Activation of memory B cells and initiation of IgG secretion has been shown to be division
linked and associated with differentiation into B cell blast phenotype as measured by CD27
expression(24,25). Expecting a similar increase in the frequency of cells undergoing
proliferation and differentiation, we stimulated CFSE-stained IgMneg memory B cells with
CpG+CK and/or soluble BCR-x for 72 hours and performed cytometric analyses.

B cells activated with CpG+CK showed more divisions than other stimuli tested after 72 hours;
2 divisions more than BCR-x and 1 division more than CpG+CK+ BCR-x (Fig. 6b). IgMneg

memory B cells cultured in medium alone did not have a clearly dividing population. An
increase in cell surface expression of CD27, which is typical of B cell blast development, was
seen with CpG+CK stimulation. The frequency of cells that had CD27 expression at higher
levels than non-dividing CD27+ cells (CD27high) increased with cell division (Undivided- 0.9
± 0.03%, Div1 – 0.99± 0.45%, Div2 – 2.35 ± 1.19%, Div3 – 3.2 ± 2.1% (n=4 experiments).
Reduced numbers of CD27high cells were seen in CpG+ck+BCR-x cultures (Undivided – 0.91
±0.096, Div1 – 0.18 ± 0.16%, Div2 – 0.22 ± 0.20%, Div3 – 0.39 ± 0.48%). Taken together
with the decrease in high σIgG IgG-SC with the addition of BCR-x to CpG+CK stimulation,
these data suggest that an increase in high σIgG IgG-SC with CpG+CK stimulation is due to an
increase in frequency of the more differentiated CD27high cells with each generation. This
result appears to favor the secretion rate maturation hypothesis, in which activated memory B
cells increase in range of σIgG with each division. This data also fit hypothesis 3 in which
multiple subpopulations each respond to CpG+CK by increasing their secretion each within
their own range. Reduced frequency of high σIgG IgG-SC and of CD27hi B cells could be
indicative of selective inhibition of one or more subpopulations of CpG+CK-stimulated
memory B cell blasts by BCR cross-linking.

IL-21 stimulation induces development of a high σIgG IgG-SC population in CD40L-stimulated
memory B cells

Interleukin-21 (IL-21) is a potent inducer of B cell proliferation and IgG production (26-28)
and plays a critical role in activation of memory B cells by T cells(29), so we examined the
effect of IL-21 stimulation on CD40L IgG-SG subpopulations. Human memory B cells, CD19
+ CD27+ IgMneg, were isolated as in figure 6a, CFSE-stained and co-cultured with CD40L-
expressing NIH3T3 fibroblasts and IL-4. After 96 hours in culture, the cells were harvested,
washed, and plated in parallel ELISPOT and ELISA assays for 19 hours. Spot size histograms
and estimated IgG histograms are shown in figure 6c. IgMneg memory B cells stimulated with
CD40L and IL-4 produced low σIgG IgG-SC (<1000fg•cell−1). Activation with CD40L + IL-21,
or the addition of IL-21 to CD40L + IL-4 induced a small population of high σIgG IgG-SC not
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seen in memory B cells stimulated with CD40L + IL-4 alone. Consistent with the widely-
recognized mitogenic properties of IL-21, flow cytometric analyses of these cells showed that
the addition of IL-21 to CD40L+IL-4 stimulation conditions increased the number of cell
divisions from 3 to 5. An increase in the frequency of CD27hi cells was also observed with the
addition of IL-21, particularly in divisions 4 and 5, suggesting that faster-dividing B cell blasts
are associated with the appearance of functionally high σIgG IgG-SC. This strengthens the
association between the presence of high σIgG IgG-SC and B cell blast phenotype subsets seen
in figure 6a and b. Taken together, these data suggests that with more cell divisions, higher
σIgG IgG-SC may develop, consistent with Hypotheses 1 or 3.

Increased cell death is seen in proliferating IgMneg memory B cells with the addition of BCR-
x to CPG+CK stimulation conditions

BCR cross-linking by soluble, bivalent F(ab)2 fragments (BCR-x) has been shown to increase
cell death in some B cell subsets and cell lines (20,30). To determine whether the reduced
proportions of live proliferating B cell blasts, PBlive, in populations with the addition of BCR-
x to CpG+CK stimulation was due to an increase in cell death, IgMneg memory B cells were
stained with CFSE, stimulated for 72 hours with CpG+CK, and stained for CD27 surface
expression and live/dead violet dye (representative data Fig. 7; total n=6 experiments). A higher
percentage of dead cells are seen in undivided populations in the CpG+CK stimulated cells
(49.43 ± 0.21 %) than in CpG+CK+BCR-x stimulated cells (15.71± 0.08%; p=0.026). A large
population of dead cells can be seen in Division 1 as well, but these may be undivided cells
leaking CFSE into the Division 1 range. In contrast, more cell death is seen in division 3 with
the addition of BCR-x to the CpG+CK stimulation (40.65 ± 0.02 %) as compared with CpG
+CK alone (6.8 ± 0.03; p=0.000002) (n=4 experiments). This suggests that BCR-x selectively
increased the rate of cell death in CD27hi memory B cell blasts and is in concordance with a
reduction in total IgG production of the population through a decrease in frequency of PBlive.

Proliferating B cells in different generations secrete IgG with the same range of rates
To further test whether the secretion rate maturation hypothesis accurately reflected biology,
we examined the σIgG of CFSE labeled IgMneg memory B cells stimulated with CpG+CK for
72hrs. The cells were sorted by generation and CD27 surface expression, and analyzed for
σIgG by qELISPOT. If, as the previous result suggests, IgG secretion rate increases with B cell
blast generation number, we predicted we would find higher σIgG in CD27high cells in higher
generations as compared with CD27+ cells.

Figure 8a displays the IgG secretion profile of unsorted CpG+CK stimulated cells as well as
the sorted populations (representative of n=3 experiments). Cells were sorted first into
CD27+ and CD27high populations. Then the cells were sorted again according to CFSE staining
to isolate cells in each cell division. Live cells, at 300 per well and 6 wells per group, were
assayed for IgG secretion (n=3 experiments). Fig. 8b shows that, contrary to the secretion rate
maturation hypothesis, populations of CD27high B cell blasts in every generation had the same
range of σIgG (division 1 vs. division 2 p=0.07; division 1 vs. division 3 p=0.06; division 2 vs.
division 3 p=0.14). Only the frequency of IgG-SC increased with cell division.

Not all cells, even in divisions 3 and 4, however, secreted IgG after CpG+CK activation. There
was a persistent population of CD27+ memory B cells that did not secrete IgG present in each
division. Even in Divisions 3 and 4, only 47.2% of live CD27high cells were detectable IgG-
SC. IgA-positive cells were found comprise 4-11% of CD27+ IgMneg memory cells activated
with CpG+CK for 72 hours, which does not account for cells not producing IgG. (data not
shown). This suggests that after 72 hours of CpG+CK stimulation, more than half of memory
B cells that are proliferating and increasing CD27 surface expression are not secreting IgG or
are secreting at levels much lower than the sensitivity of the qELISPOT assay.
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Secretion of IgG is a multi-step process that involves production of intracellular IgG before
release from the cell. To determine if a delay or block in release of IgG from a proportion of
CpG+CK activated CD27+ IgMneg memory cells lead to non-secreting populations not
detectable by the qELISPOT assay, flow cytometric analysis was performed using CFSE, BrdU
incorporation and intracellular IgG staining. Representative data in Fig. 8 show that the
frequency of cells positive for intracellular IgG increased with division class (n=3 separate
experiments). This paralleled the increase in IgG secreting cells measured by qELISPOT. This
data suggests that the lack of IgG secretion in cells not detected by qELISPOT is likely due to
a lack of IgG production.

Considered with the result that IgG secretion range is independent of generation in memory B
cell blasts, selective cell death of memory B cell blasts when treated with BCR-crosslinker
indicates that at least two processes can occur: a change in the relative populations of high-
and low-rate IgG producing cells, and an increase of the frequency of IgG-SC within a
population. This data, in aggregate, favors hypothesis 3 in which total IgG secretion is the
combined product of the contributions of multiple populations of IgG-SC.

Discussion
In a memory B cell recall response, the total amount of antibody secreted by the activated
memory B cells over time can be modulated by changes in the percentage of antibody secreting
cells (φASC), changes in the rate at which they secrete antibody (σIgG), or changes in the
proportion of live cells (PBlive) (Figure 1a). Previous experimental methods have not had the
ability to resolve these terms at the single cell level to determine the population distribution of
these rates. Particularly problematic has been measurement of σIgG, the rate of IgG secretion
per individual cell. IgG secretion rates have routinely been measured by assaying total IgG
accumulated in culture supernatants over 7-14 days, deriving single cell secretion rates by
dividing the total IgG measured by the number of cells found to be secreting IgG by ELISPOT,
or even less accurately, but the total number of cells in the culutre (31). As B cells may divide
but not secrete IgG, or may undergo apoptosis, this approach cannot capture the single cell
dynamics of IgG secretion in multiple subpopulations of B cells that proliferate, secrete IgG,
and die over that time. Distinguishing between such behaviors is, however, crucial to
understanding how a population of activated memory B cells functions to survive, produce
IgG, and clonally expand memory B cells during secondary B cell immune responses. This
analysis is particularly important if the B cell populations comprise functionally distinct
populations with different antibody secretion rates. It has direct implications for vaccine design
if different adjuvants, live attenuated, or recombinant vaccine formulations produce different
proportions of ASC with different immunoglobulin secretion rates.

To determine the differential effects of φASC and σIgG on IgG production early in memory B
cell activation, we measured the σIgG of single activated memory B cells within a large
population. In this system, CpG ODN activation resulted in 70-80% of IgG+ CD27+ memory
B cells cycling through successive rounds of mitosis, but only 17-47% secreting
immunoglobulin. Our finding that less than 50% of memory B cells in these assays secrete IgG
is in agreement with earlier studies (25). Of those cells secreting immunoglobulin, we estimated
that individual cell IgG secretion rates varied between 10-105 fg/cell, also a function of cell
culture conditions.

Quantitative ELISPOT showed a marked heterogeneity of σIgG in CpG+CK stimulated cells,
coupled with a striking bimodal distribution of σIgG. Two functionally distinct populations of
IgG-SC were apparent, a low σIgG group at approximately 10-103 fg IgG•cell−1 •4 hours−1 and
a high σIgG group with secretion rates 103-105 fg IgG•cell−1 •4 hours−1. These measurements
are in the same range as previous estimates of average IgG secretion rates estimated by
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immunoaffinity capillary electrophoresis with laser-induced fluorescence detection (32)
and 35S protein labeling (33). The qELISPOT method could easily be used to measure secretion
rates of other proteins as well, such as other immunoglobulin subtypes or cytokines.

We report here that two distinct signaling pathways, TLR-9 signaling with CpG DNA in the
context of IL-2, IL-6, IL-10 and BAFF versus CD40L signaling in the context of IL-4, give
rise to different rates of IgG secretion and different frequencies of antibody secreting B cell
blasts. We also found that high σIgG cells are induced in memory B cells when exogenous IL-21
was added to CD40L+IL-4 stimulation. In agreement with previous studies in which switched
memory B cells responded to CD40L and IL-21 with increased proliferation(26,29,34),
increased IL-6 and IL-10 secretion(26), and increased Ig secretion (29,34), we found that IL-21
gave rise to an increase in proliferation and development of a functionally distinct population
of high σIgG cells. Further experiments are planned to examine differences in BAFF signaling
and other plasma-cell associated genes in high σIgG B cells.

An interesting finding was that soluble F(ab)2 cross-linking of the B cell receptor during CpG
+CK B cell activation resulted in fewer cycles of cell division, modulated IgG secretion by
reducing IgG secreting B cell blasts (φASC) and increased cell death in proliferating B cell
blasts. As we used F(ab)2 fragments for BCR cross-linking, this effect was independent of
FcγIIRb signaling, which also down-regulates IgG secretion. (35) Work in mice has shown
that BCR stimulation can interfere with CpG activation of B cells by TLR agonists such as
CpG (21) and LPS (36,37) and interfere with CpG-mediated plasma cell development (21).
This may be through BCR-mediated ERK signaling. (21,38) Also, NF-κB activation is
prolonged in mouse WEHI cells when CpG and anti-IgM stimuli are combined. (39) We found
that functionally different subpopulations of IgG-secreting memory B cells, as visualized with
the quantitative ELISPOT assay, result from BCR-stimulated interference in CpG-stimulated
plasmablast development. Future investigation will be needed to define the precise conditions
for this effect and address the cell signalling pathways that are involved.

An important finding is that after three days of CpG+CK stimulation, memory B cells that have
divided at least once will secrete IgG with a similar distribution of IgG secretion rates,
independent of their division class. Thus, IgG secretion appears to be a binary switch, rather
than a type of secretion maturation in which cells secrete IgG at lower rates in earlier
generations and higher rates at later generations. We found that the range and distribution of
σIgG under various stimulation conditions is the same, but the φASC increases with cell division.
These findings, taken together, support the “mixture” hypothesis of total antibody secretion,
in which the frequency of dividing cells and the “on/off” IgG secretion switch determine the
φASC for multiple populations of ASC that secrete IgG at different per-cell rates (σIgG ). While
the current data suggest two major subpopulations for σIgG, different in vivo and experimental
conditions may yield more subpopulations with different distributions of σIgG. Further work
will be needed to demonstrate that B cell responses to the in vitro stimulation conditions used
here, CpG+CK and CD40L+IL-4, are comparable to those seen in vivo, although we have
found similar antibody secretion rates in human peripheral blood B cells 7 days after influenza
immunization.

An “on/off” modulation of IgG secretion is consistent with a stochastic switching mechanism.
These experiments do not, however, allow us to determine if cell division is asymmetric, with
one daughter cell differentiating into an antibody secreting cell, and the second into a dividing
memory B cell, as some have proposed (40). However, we did find that non-IgG secreting B
cells still proliferated at the same rate as their IgG-producing counterparts, suggesting that
under the conditions tested IgG secretion does not impede cell division. It was also not possible
however, given the limitations of the experimental method, to determine if differentiation into
an IgG secreting phenotype is a unidirectional event, or if IgG secreting cells can de-
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differentiate into a non-secreting phenotype in subsequent divisions. Whether these non-IgG
secreting B cell blasts eventually replenish the stable resting memory B cell pool will require
further work in vivo.

Sorting CpG+CK-stimulated memory B cells by division and CD27 expression, we found a
lower φASC in CD27+ memory cells as compared with CD27high cells. However, the division
between CD27+ and CD27high cells was set using the CD27 expression level of non-dividing
cells, so CD27high B cell blasts may have been sorted in these studies as CD27+. In this case,
all of the IgG spots could be attributed to B cell blasts. This heterogeneity of IgG secretion is
similar to the heterogeneity of CD27 and CD38 expression previously reported. (25) Blimp-1
expression, a hallmark of antibody secreting cells, is seen in B cells with heterogeneous Ig
secretion rates (41). With the qELISPOT method, it will be possible to examine correlations
between IgG secretion and other factors that affect IgG secretion at the single cell and
population-wide levels. It will also be possible to model more accurately the complex
interactions between cell division, cell death, φASC, and σIgG in B cell population dynamics.
These questions are beyond the scope of this manuscript, and are the subjects of future
investigations.

In summary, comparing the results from CD27 and division class sorted B cells with the
differences seen between memory B cell populations stimulated with different culture
conditions, we conclude that there are at least two processes that can modulate IgG secretion:
a change in the relative populations of high- and low- IgG antibody secretion rate σIgG cells,
and an increase of the frequency of IgG-SC (φASC) within a population that is independent of
division number. The combined data support the hypothesis that the total amount of IgG
secretion in a population of CpG+CK activated memory B cells is regulated by the relative
contributions of multiple subpopulations of IgG secreting (“switched on”) B cell blasts, each
with a distinct IgG secretion rate distribution.
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Figure 1a. An equation to describe how individual B cells contribute to total IgG production within
a population
IgG is the total IgG secreted, PBlive is the number of live B cell blasts, φASC is the fraction of
live cells that are secreting IgG, σIgG is the rate of IgG secretion per cell, t is time and tinc is
the incubation time of the assay. 1b. Hypotheses for the relationship between cell division and
IgG secretion range of B cell populations. The secretion rate maturation hypothesis posits that
memory B cells stimulated to differentiate into B cell blasts increase their σIgG with each
subsequent mitosis such that cells that have divided more times secrete IgG at a higher σIgG.
An alternative possibility is that σIgG are independent of division class, behaving more like a
binary “On/Off” switch. In this model, dividing cells secrete IgG in the same range, irregardless
of division number and control of population IgG secretion is asserted through control of
φASC. In the third “mixture” hypothesis, several subpopulations of memory B cell blasts
produce different σIgG distributions.
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Figure 2. Bimodal Distribution of the IgG ELISPOTs in CpG+CK-stimulated memory B cells
Unstimulated and CpG+CK-stimulated human IgG depleted CD27+ memory B cells, were
incubated in ELISPOT plates for 6 hours. (a) Raw and EXPLORAspot-processed
representative ELISPOT well images selected from 9 independent experiments (3-6 replicate
wells per experiment) show that CpG+CK-stimulation increased the amount of IgG secreted
as well as the number of cells secreting IgG (p<0.001). The EXPLORAspot software detected
the circled spots. To eliminate well-edge artifacts, all spots data from each 96 well plate were
pooled and FACS analysis software used to create a bivariate plot of the radial distance of each
spot from the center of the well versus spot circularity. (b) A three-dimensional plot showing
x and y coordinates used for spot area calculation. Spot intensity is the sum of spot pixel values
(defined in arbitrary intensity units: Int-U) which are represented here by the z-axis. (c) Gating
strategy that maximized retention of circular “true” spots at well edges, while eliminating less
circular well edge artifact. (d) Histograms of pooled spot populations from 6 replicate wells
including the wells pictured in 2a showing that spot numbers increased 20-fold in response to
CpG+CK stimulation. Spot total intensity values also increase with some heterogeneity in IgG
spot sizes over the population.
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Figure 3. Bead-mediated Estimation of IgG Release
Sampled well images with spots produced by human IgG released from different sizes of
polymer beads. Spot size and ELISA data quantitating IgG release from the same bead samples
were plotted to construct a standard curve describing the mathematical relationship between
spot size and IgG released per bead. This standard curve could then be used to assign absolute
IgG secretion rates to individual spots in the experiment.
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Figure 4. The mathematical relationship between the spot area and total intensity
The means of the areas and total spot intensity values of spots generated by low-rate (MC/
CAR) and high-rate (MPR1130) IgG-secreting control myeloma cells lines as well as IgG-
releasing beads were compared. A direct relationship between spot area and total intensity can
be seen, whether the spot was formed by cells or by beads. Therefore, either parameter could
be used for comparison to IgG released by ELISA. Three-dimensional well images indicating
changes in spot morphology with increasing spot size are also shown.
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Figure 5. Spot Development Over Time of Incubation (tinc)
A time course showing well images and matching spot intensity histograms of two myeloma
cell lines secreting IgG at a high and a low rate. At time points beyond 6 hours, spots detected
from the high-rate secreting cell line MPR spot begin to merge and then cannot be accurately
analyzed. Beyond 12 hours, the low-secreting myeloma cells are still producing spots that are
coming into detectable range of sizes, so time is a critical factor in these studies. The effective
range of total spot intensity values detected was 30 to 2×105 INT-U.
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Figure 6. Estimating IgG release from individual cells in mixed populations of responding memory
B cells
Human CD27+ memory cells depleted of IgM+ B cells were isolated and split into groups
cultured with medium, CpG2006 ODN and cytokines (CpG+ck) and BCR-crosslinking
antibodies (BCR-x), alone or in combination. After 96 hours of culture, the cells were washed
and assayed for IgG secretion in paired ELISA and ELISPOT assays next to wells pre-spotted
with bead standards for IgG release. Cells were incubated in the assay plates for 4 hours or
19hours (N=6wells, 300 live cells/well). Using a bead-derived standard curve as in Fig. 4,
values for IgG secreted were calculated. (a) Histograms of raw spot intensity and estimated
IgG secretion. The addition of BCR-crosslinking antibodies to the CpG+CK stimulation
conditions reduced the number of high- σIgG IgG-SC by 92.7 ± 4.73% and low range σIgG IgG-
SC by 53.3 ± 18.7%. Spots on plates allowed to incubate 19hrs show low σIgG (IgG<1000
fg•cell−1) cell populations more clearly. (b) Flow cytometric analysis of IgMneg memory B
cells stained with CFSE at isolation, stimulated with CpG+CK stained for viability and CD27
cell surface marker expression after 72 hours of incubation. Undivided cells are seen as the
population furthest to the right, each division producing an additional population with reduced
CFSE staining. With each generation, an increase in CD27high proliferating B cell blasts can
be seen in CpG+CK-stimulated cells and the number of CD27high cells is reduced by the
addition of BCR-x. (c) Spot Intensity and estimated IgG secreted per cell histograms of IgM-
depleted CD19+CD27+ memory B cells that had been stimulated with CD40L-expressing
fibroblasts and rhuIL-4 or rhuIL-21, alone or in combination for 96 hours, washed and assayed
as in figure 6a. CD40L and IL-4 stimulation yielded low σIgG IgG-SC. Activation by CD40L
+IL-21, with or without IL-4 induced a small population of high σIgG IgG-SC and increased
total spot numbers. (d) CFSE vs CD27 expression of cells treated as in (c). In cell populations
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treated with IL-21, more cell division is evident and CD27 expression increases in dividing
cells, consistent with development of a B cell blast phenotype.
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Figure 7. Increased cell death in later divisions of CpG+CK+BCR-x stimulated cells
IgMneg memory B cells were isolated from the donor and split into treatment groups, with
medium alone (Unstimulated), BCR-x, CpG+CK, and CpG+CK+BCR-x. After 72 hours in
culture, the cells were stained for cell surface CD27 and live/dead violet dye (representative
of 3 experiments). Dead cells retain this dye, appearing to the right in these figures. CpG+CK
treatment produced more dead cells in Undivided and Division 1 populations. Addition of
BCR-x to CpG+CK changed this profile to favor more live cells in undivided populations and
more dead cells in later divisions. This suggests that reduced numbers of high-rate IgG-SC and
reduced B cell blasts in CpG+CK+BCR-x may be due to higher death rates.
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Figure 8. Binary On/Off IgG Secretion
IgMneg Memory B cells were stained with CFSE, then stimulated with CpG+CK conditions
for 72 hours. (a) IgG secretion of unsorted cells and gating figure for sorting. The cells were
sorted first based on CD27 expression and then on CFSE content. The cells were counted and
viability determined post-sort. (b) Of each fraction, 1800 live cells were plated in 6 wells at
300 cells/well for ELISPOT assay. Beads released IgG into other wells on each plate for
standard curve generation. While the overall distribution of IgG secretion rates in each fraction
remained the same, the frequency of IgG secreting cells and the preponderance of high-rate
IgG-SC increased with division (N=4 experiments). Number of IgG-SC is shown as # spots
(with % of cells plated) (c). IgMneg memory B cells were stained with CFSE, incubated with
BrdU under CpG+CK stimulation conditions for 69 hours. At harvest, the cells were fixed and
stained for intracellular IgG and BrdU content. There are IgG positive and negative cells in
each generation and the percent of IgG positive cells increases in each cell division, paralleling
the increase in IgG secretion seen in Fig. 7. This suggests that not all cells produce IgG, even
though they are dividing. Cells that remain undivided have a low percentage of IgG positive
cells.
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