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¢ Abstract
The immune response in humans is usually assessed using immunogenicity assays to
provide biomarkers as correlates of protection (CoP). Flow cytometry is the assay of
choice to measure intracellular cytokine staining (ICS) of cell-mediated immune (CMI)
biomarkers. For CMI analysis, the integrated mean fluorescence intensity (iMFI) was
introduced as a metric to represent the total functional CMI response as a CoP. iMFI is
computed by multiplying the relative frequency (percent positive) of cells expressing a
particular cytokine with the MFI of that population, and correlates better with protec-
tion in challenge models than either the percentage or the MFI of the cytokine-positive
population. While determination of the iMFI as a CoP can readily be accomplished in
animal models that allow challenge/protection experiments, this is not feasible in
humans for ethical reasons. As a first step toward extending the iMFI concept to
humans, we investigated the correlation of the iMFI derived from a human innate
immune response ICS assay with functional cytokine release into the culture superna-
tant, as innate cytokines need to be released to have a functional impact. Next, we
developed a quantitatively more correlative mathematical approach for calculating the
functional response of cytokine-producing cells by incorporating the assignment of dif-
ferent weights to the magnitude (frequency of cytokine-positive cells) and the quality
(the MFI) of the observed innate immune response. We refer to this model as general-
ized iMFI.

© 2010 International Society for Advancement of Cytometry
¢ Key terms

GIMFI; correlation analysis; functional response; culture supernatant; cytokine; flow
cytometry; antigen-presenting cells; integrated mean fluorescent intensity

WHILE direct measurement of protection from infection after a defined challenge
provides the most meaningful information in vaccine trials, in human studies, inter-
mediate biomarkers [e.g., antibody titers or various measurements of cell-mediated
immunity (CMI)] are used as correlates or surrogates of protection (1). The CMI
response is often determined by measuring cytokines within the cell or secreted in se-
rum or in culture supernatant. Given that cytokines exert their function mostly after
being secreted, both approaches potentially measure different aspects of CMI, yet are
often used interchangeably. To our knowledge, a direct correlative comparison of
these two approaches has not been conducted. While quantification of secreted cyto-
kines can be conducted using enzyme-linked immunosorbent assay (ELISA) or mul-
tiplex bead arrays, these methods do not identify the specific cell source of these
secreted cytokines. Alternatively, flow cytometric analysis of intracellular cytokine
staining (ICS) is able to identify the specific cell/s producing a given cytokine but it
does not allow their absolute quantification. ICS results are determined as either per-
cent positive cells or as mean fluorescent intensity (MFI) of a population of cyto-

kine-producing cells, with both measurements compared with a control population
of untreated or unstimulated cells. The integrated MFI (iMFI) (2) was devised to
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increase the quantitative informational content of data
obtained from ICS by combining the relative amount of a
cytokine produced per cell or population (the MFI) with the
relative number of cells that make them (the percent positive
cells). For example, Darrah et al. (2) showed that the iMFI for
IFN-y, IL-2, and TNF-a of mouse CD4+ cells independently
correlated with protection in a challenge model better than ei-
ther percentage of cells making cytokine or the MFI of the
cytokine-positive population alone.

To allow the iMFI to provide such meaningful assessment
of biomarker of protection in humans, steps between produc-
tion of a given cytokine inside a cell (detected via ICS) and clini-
cal protection have to be verified. The first of these series of
events is the secretion of cytokines from the cell into either cul-
ture supernatant or body fluids such as serum. In this study, we
have quantified the degree of correlation between intracellular
cytokine production and their subsequent secretion into culture
supernatant as determined by multiplex load array (Luminex).
We have also improved the mathematical modeling of the func-
tional response of cytokine-producing cells through the devel-
opment of the generalized iMFI (GiMFI), which assigns differ-
ent weights to the magnitude (frequency of positive cells) and
the quality (iMFI) of the response.

METHODS

Data and Wet Laboratory Description

Flow cytometry and Luminex data were obtained from the
analysis of peripheral blood mononuclear cells (PBMC) from
healthy human adult volunteers as previously described (3). The
study was approved by the Clinical Research Ethics Board of the
University of British Columbia. Briefly, PBMC from 20 adult sub-
jects (8 males and 12 females) were purified using Ficoll-Hypaque
density centrifugation. Half a million cells in 200 ul of RPMI-
1640 supplemented with 10% human AB serum and 1% penicil-
lin—streptomycin were plated on premade 96-well plates contain-
ing 10 ul of toll-like receptor (TLR) ligands in various concentra-
tions (final concentrations of the ligands were: PAM;CSK, at
0.01, 0.1, and 1 pg/ml; R-FSL at 0.1, 1, and 10 pg/ml; poly I:C at
12.5, 25, and 50 pg/ml; LPS at 1, 10, and 100 ng/ml; 3M-002,
3M-003, and 3M-013 at 0.1, 1, and 10 uM each; and CpG-A,
CpG-B, and CpG-C at 6.25, 12.5, and 25 ug/ml each). The cells
plated for the ICS were cultured for 6 h in the presence of the
Golgi transport inhibitor Brefeldin A (BFA) at 10 pg/ml with the
exception of the wells containing the CpG ligands. The cells sti-
mulated with the CpG ligands were cultured for 3 h without BFA
followed by an additional 3 h in the presence of BFA. BFA addi-
tion was delayed because it hinders the response to CpG stimula-
tion if added immediately (4). At the 6-h mark, these cells were
treated with EDTA (final concentration of 2 mM), spun down,
and the pellet resuspended in 100 ul of Becton-Dickinson (BD)
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FACS Lysing Solution and then frozen in —80°C until antibody
staining and cytometric analysis using a BD LSRII instrument
(4). Identical set of plates except without BFA were setup and cul-
tured for 18 h, spun down, and 100 pl of the supernatants har-
vested and stored in —80°C prior to Luminex assay using kits
from Millipore.

Data from the LSRII instrument were analyzed using
Flow]Jo (TreeStar) and CPAS (LabKey Solutions) (5). Luminex
data from the Bio-plex 200 instrument and the Bio-plex Man-
ager software (Bio-rad) were further analyzed in an in-house
database, in Excel (Microsoft), and in Prism (GraphPad).

Correlation Analysis of iMFI and Culture Supernatant
Response

To test the hypothesis that culture supernatant concentra-
tion of a particular cytokine correlated to its corresponding in-
tracellular production cytokine as estimated by the iMFI, we
computed Pearson correlation coefficients between iMFI values
and culture supernatant responses of all samples (including all
listed TLR ligands and concentrations) obtained from every sin-
gle subject and determined the strength of linear correlations
between these two values. The levels of correlations were inter-
preted as no correlation, weakly, moderately, strongly, and per-
fectly positive correlation when Pearson correlation coefficients
were approximately 0, 0.2, 0.5, 0.8, and 1, respectively (6). We
examined two different approaches to compute the levels of cor-
relation. In the first approach, we computed iMFI values for all
the cytokine-positive cells in the PBMC together, while in the
second approach, the iMFI values were computed for the cyto-
kine-positive cells from each specific antigen-presenting cell
(APC) population [i.e., monocytes, conventional dendritic cells
(cDC), and plasmacytoid dendritic cells (pDC)] separately. In
both of these two approaches, the first step was to identify cyto-
kine-expressing (positive) cells, and to measure their percentage
and MFI values to compute iMFI by the following formula:

iMFI = (MFI)(P) (1)

where P is the relative percentage of the cells expressing a spe-
cific cytokine.

Automated Identification of All Cytokine-Positive Cells
of PBMC

As we measured the bulk amount of cytokines present in
the culture supernatant by the Luminex assay regardless of cell
source, we performed our initial correlation analysis of the
results from this assay with the iMFI values derived from all the
cytokine-positive cells in the 6-hr ICS of the corresponding
PBMC. We developed an automated method to identify the
cytokine-expressing (i.e., positive) cells in our ICS assay by set-
ting a threshold based on the assumption that 2% of unstimu-
lated PBMC cells (i.e., in a control sample) are cytokine positive.
In other words, after identifying live cells using a forward scatter

Generalized Integrated Mean Fluorescence Intensity
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Figure 1. Manual identification of antigen-presenting cell populations (monocytes, cDC, and pDC) and the identification of those cells
which produce cytokines within cDC, pDC, and monocytes. In this figure, each axis presents the intensity of the measured parameter.

(FSC) versus side scatter (SSC) plot in FlowJo, we computed a
threshold based on the 98% cutoff of the empirical cumulative dis-
tribution function of the cytokine intensity for the unstimulated
sample (see Supporting Information) and used this threshold to
identify positive cells of all other samples from the same subject.
Identifying positive cells and knowing their percentages and MFI
values, we computed iIMFI value of each cytokine using Eq. (1).

Manual Identification of APC Populations and
Detection of Cytokine-Positive Cells for Different APC
Populations

We hypothesized that Luminex assay results may correlate
better with iMFI values from specific APC populations instead
of the iMFI values from the cytokine-positive cells in the whole
PBMG, and thus computed the correlation coefficients between
iMFI values of different APC populations and culture superna-
tant responses. Here, unlike the automated identification of the
cytokine-positive cells in PBMC described above, we used

Cytometry Part A o 77A: 873—880, 2010

FlowJo to manually identify the ¢cDC, pDC, and monocytes
APC populations and also the positive cells for each population.
First, dead cells and cell debris were excluded by gating them
out from an FSC versus SSC plot (Fig. 1). From this “live” gate,
we then plotted the cells on MHC I versus CD14. CD14Meh
and MHC™ cells were identified as monocytes. By plotting the
CD14"""8 MHC" cells on CD123 versus CD11c axes, we
identified the cDC as the CD11c™ population while the pDC as
CDI123™. Next, the monocytes, cDC and pDC were graphed on
scatter plots with the fluorescence intensity for each of the cyto-
kines as the axes. For each subject, the quadrants inside these
scatter plots which separated the cytokine-producing cells from
cytokine-negative ones were manually determined based on the
cells that were not stimulated with any TLR ligand.

Generalized iMFI (GiMFI)
The iMFI assumes the impact of MFI and P are the same
when estimating a functional response of cytokine-producing
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Figure 2. Scatter plots of the amount of secreted IL-12p40 meas-
ured by Luminex versus calculated iMFI values from the intracel-
lular cytokine staining for IL-12p40 of cells from one subject trea-
ted with different TLR ligands at different concentrations (pimp =
0.94). Each (*) corresponds to a stimulations of a blood sample of
the same subject. The solid line shows the best line fitted to the
data based on simple regression model.

cells. To better model the functional response of cytokine-produ-
cing cells, we relaxed this requirement and defined our GiMFI as:

GiMFI(2) = (MFI)(P)?, 2)

where MFI and P are mean of fluorescent intensity and per-
centage of cytokine-positive cells, respectively, and « is the
relative impact weight assigned to the percentage of positive
cells. If 0 < o < 1 then the impact weight of P in GIMFI is less
significant compared with the iMFI formula. If & > 1, a higher
relative impact weight is assigned to P in GiMFI. GiIMFI(«)
and iMFI would have the same values for o = 1.

To find o, such that GiMFI(«) modeled the functional
response of cytokine-producing cells, we computed GiMFI(a)
for all « in an reasonable predefined range (i.e., 0 < o < 4), and
computed correlation coefficients between GiMFI(x) and cul-
ture supernatant cytokine response for all o in this range. Then
we chose o, such that the mean of correlation coefficients (R) of
all subjects was maximized. Since GiMFI(x) monotonically
decreased after o = 4, no values of & > 4 were included. To keep
the notation simple, we will use o,y to present the value of o
when the correlation coefficient between GiMFI(o) and culture
supernatant cytokine response was at its maximum value. We
also use the notation p(a) for correlation coefficients between
culture supernatant cytokine response and GiIMFI(a). pivpr 1S
the correlation coefficient between culture supernatant cytokine
response and iMFL. While p(a) and p;\r can be computed for
any combination of cytokine and population, we were not
interested in studying these values for those cytokines which are
known not to be at least moderately produced by the popula-
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tion of interest. For example, we performed our correlation
analysis on monocytes and cDCs for IL-12p40, IL-6, and TNF-
o Similarly, the correlation analysis for IFN-o was done only
on pDCs, because cDCs and monocytes do not generate IFN-a
under the culture conditions chosen (3).

REsuLTs

Correlation Analysis of Whole PBMC Live Cells

Because our Luminex assay measured the cytokine concen-
tration in bulk without regard to cell source, we wanted to first
examine if these concentrations correlate with the iMFI com-
puted from all the cytokine-positive cells in the corresponding
whole PBMC population. We computed the correlation coeffi-
cients between the iMFI values and the culture supernatant cyto-
kine concentration for the cytokines TNF-a, IFN-a, IL-6, and
IL-12p40. Figure 2 shows an example of a scatter plot of the
amount of secreted IL-12p40 as measured by Luminex versus
the calculated iMFI values from the ICS for IL-12p40 of cells
from one subject treated with different TLR ligands at different
concentrations (pyrr = 0.94). The solid line shows the best line
fitted to the data based on simple regression model. Linear
model parameters were estimated using the least square method
for linear regression. The boxplots in Figure 3 represent the cor-
relation coefficients computed for all four cytokines from the
TLR ligand—stimulated PBMC from 20 individuals. Correlations
between iMFI values and Luminex responses were strongly posi-
tive for TNF-o, while they were only moderately positive for IL-
6 and IL-12p40. Almost no correlation was observed between
iMFI values and Luminex responses for IFN-o.

Correlation Analysis of APC Populations
Motivated by the lack of correlation between iMFI and
Luminex for IFN-o, we next examined if the cytokine concen-
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Figure 3. Boxplots of correlation coefficients between culture su-
pernatant cytokine response and iMFI values computed for IL-12,
IL-6, TNF-o, and IFN-« for 20 subjects. All PBMC live cells are con-
sidered together.
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Figure 4. Boxplots of correlation coefficients between culture supernatant cytokine response and iMFI values from the intracellular cyto-
kine staining for four cytokines (IL-12, IL-6, TNF-2, and IFN-«) produced by (A) monocytes, (B) cDCs, and (C) pDCs.

trations measured from the supernatants of our 18-h culture
would exhibit higher correlation with the computed iMFI values
when these were derived from specific subpopulations in the
PBMC. Figure 4 depicts boxplots of correlation coefficients
between iMFI values and supernatant cytokine levels for three
APC populations (monocytes, cDCs, and pDCs) for 20 subjects.
Figure 4C shows that for pDCs, the level of correlation between
iMFI and culture supernatant cytokine response is strong for
IFN-o and weak for TNF-a.. No correlation was observed for IL-
12p40 and IL-6. This indicated that considering only pDCs
instead of whole PBMC improves the correlation between iMFI
and culture supernatant cytokine response for IFN-a.

Figure 4A shows that correlation coefficients between iMFI
and culture supernatant cytokine response was strong for TNF-o,
weak/moderate for IL-6 and IFN-«, and moderate for IL-12p40
in monocytes. Similarly, Figure 4B shows that for cDCs, correla-
tion coefficients between iMFI and culture supernatant cytokine
response was strong for IL-12p40 and TNF-«, while it was mod-
erate for IL-6. No correlation was observed for IFN-« in ¢DCs.
Table 1 summarizes the level of correlation between iMFI values
and culture supernatant cytokine response. Overall, for any speci-
fic APC population, the correlation between iMFI values and cul-
ture supernatant cytokine response varies from cytokine to cyto-
kine, although generally, the more cytokine produced by the
APC population, the higher the correlation. However, observing
a high correlation does not always mean that the population
under study was a major producer of the cytokine of interest.

Parameter Estimation for GiMFI Formula
For each APC population and each cytokine, we deter-
mined the optimum «, such that the correlation coefficients

between GiMFI(a) and culture supernatant cytokine response
was maximized. Figure 5 illustrates our strategy for deriving
Omax- Our experiments showed that for o > 4, p(«) (correla-
tion coefficients between culture supernatant cytokine
response and GiMFI(«)) decreases monotonically, so we did
not plot p(o) for higher values, as we were interested only in
the maximum of p(a). Our computation showed that the
range of variation of o,,,,, was narrow for different APC popu-
lations and various cytokines. More precisely, lower quartile,
mean, upper quartile, and max were 0.29, 0.39, 0.47, and 0.60,
respectively. Note that for o = 1, GIMFI(«) and iMFI result in
the same values, that is, p(« = 1) = pivpr-

Figure 6 presents a comparison between distributions
of pivper (correlation coefficients of culture supernatant
response and iMFI) and p(om.) (correlation coefficients of
GiMFI(otax) and culture supernatant response) for the cyto-
kines produced moderately or highly by populations of inter-
est (cDCs, pDCs, and monocytes). This result suggests that
statistically p(omay) is at least as high as pyypp, if not higher.
This was verified by applying the Wilcoxon test with the null
hypothesis p(0tmax) < pimrr. Table 2 presents P values com-
puted for this test. The null hypothesis was rejected at 2% sig-
nificance level for all cases other than IL-12p40 and TNF-o
produced by cDCs, indicating p(omax) > Pimrr- For these two
exceptional cases, iMFI and GiMFI can be used interchange-
ably with no significant difference in the final results.

Discussion

While the measurement of cytokines in culture superna-
tant or serum, and the identification of intracellular cytokines
by ICS represent the two most commonly used assays of CMI,

Table 1. Correlation between iMFI values and culture supernatant cytokine responses of IL-12, IL-6, TNF-«, and IFN-o produced by
monocytes, cDC, and pDC based on the median of correlation coefficients

ANTIGEN-PRESENTING CYTOKINES
CELL POPULATIONS IL-12 IL-6 TNE-z IFN-o
Monocyte Moderate Weak-Moderate Strong Weak—Moderate
cDC Strong Moderate Strong No Correlation—Weak
pDC No correlation No correlation Weak Strong

Cytometry Part A o 77A: 873—880, 2010
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Figure 5. Example calculation of an optimum « which maximizes
the mean value of p(x) (correlation coefficients between culture
supernatant cytokine response and GiMFl(x)). Mean of p(«) for IL-6
response produced by monocytes is plotted versus o in range 0 <
o <4,

the degree to which these two assays correlate with each other
has not been investigated. To quantify the degree of correlation
between intracellular cytokine production and their subse-
quent secretion, and to optimize the mathematical modeling
of this correlation (i.e., to improve the calculation of the
iMFI), we analyzed the correlation of the iMFI and cytokines
secreted into culture supernatants as determined by multiplex
bead array (Luminex). Our experiment was designed to exam-
ine the innate immune responses in PBMC stimulated with
known TLR ligands. PBMC receptors are expressed on APCs
such as monocytes and dendritic cells that play a critical role
in the process of sensing pathogens through pattern recogni-
tion (7). TLRs are strong inducers of inflammatory cytokines
such as IL-6, IL-12, and TNF-o; they also induce production

of Type I interferon-like IFN-a (8). Qualitatively, the results of
our ICS-Luminex correlation testing were in line with what is
currently known about the cell-type specific source of the
TLR-induced cytokines we analyzed. Our analysis indicates
that the iMFI and culture supernatant cytokine response to
TLR stimulation correlate with each other (Fig. 3), and this
correlation was strong for those cytokines that are highly pro-
duced in PBMC. For example, TNF-o was produced at high
levels by most monocytes, which form a significant proportion
of the whole PBMC (about 10% of leukocytes in human blood
for monocytes) (9,10), thus resulting in a high level of correla-
tion between iMFI and the concentration of TNF-u in the cul-
ture supernatant. On the other hand, for cytokines such as
IFN-0, the correlation was low given that IFN-o is produced at
high amounts only by pDC, which constitutes a very small
fraction (around 0.2-0.4%) of PBMC (11,12). Changes in the
pDC cytokine production in response to TLR stimulation
were hard to detect when looking at all the PBMC, as they
were obscured by the lack of response by the more prevalent
cell populations (e.g., monocytes and lymphocytes). This
could result in critical errors in analyzing the functional
response of cytokine-producing cells in PBMC, and we there-
fore considered each cell population separately. For each
population of APC, higher correlations were obtained for
those cytokines known to be produced by a given APC popu-
lation (Fig. 4; Table 1). For example, the level of correlation
for IFN-o improved significantly when we considered pDCs
alone (Fig. 4C). Similarly for monocytes [the major producer
of TNF-o, and a moderate producer of IL-6 and IL-12p40
(10)], the correlation was strong for TNF-o but only moderate
for IL-6 and IL-12p40 (Fig. 4A). As expected, ¢cDCs had a
significant correlation as these cells are known to produce
significant amounts of all three cytokines, IL-12p40, IL-6, and
TNF-o (3,9) (Fig. 4B). However, it needs to be emphasized
that although the correlation could be moderate or high for
producers of cytokines, observing a moderate or high correla-
tion does not necessarily mean that a given population under
study is the producer of the cytokine of interest, that is, iMFI
and culture supernatant responses could be correlated even
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Figure 6. Distribution of pyur (correlation coefficients of culture supernatant cytokine response and iMFI) plotted against distribution of
plomax) (correlation coefficients of culture supernatant response and GiMFl(o,ax)) for IL-12, IL-6, TNF-2, and IFN-o produced by (A) mono-
cytes, (B) cDCs, and (C) pDCs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Table 2. P values obtained by applying Wilcoxon test with the null hypothesis p(amax) < pimr to the correlation coefficients measured for
four cytokines (IL-12, IL-6, TNF-«, and IFN-«) produced by monocytes, cDCs, and pDCs of PBMC samples from 20 healthy human adult

volunteers
ANTIGEN-PRESENTING CYTOKINES
CELL POPULATIONS IL-12 TNF-o IFN-o
Monocyte 0.006 (Omax = 0.3) 0.001 (0tax = 0.25) 0.001 (0tax = 0.45) 0.007 (Opax = 0.1)

cDC 0.364 (0, = 0.60)
pDC Not produced

0.018 (o0, = 0.45)
Not produced

0.12 (s, = 0.55)
Not produced

Not produced
0.005 (o, = 0.45)

P values obtained by applying Wilcoxon test with the null hypothesis p(omax)\vimr to the correlation coefficients measured for four
cytokines (IL-12, IL-6, TNF-«, and IFN-«) produced by monocytes, cDCs, and pDCs of PBMC samples from 20 healthy human adult volun-
teers. The exact values of u.x are given for every cytokine and cell population combination.

though the level of production was low. An example would be
IFN-o production by monocytes. As expected, the level of
IFN-o produced by monocytes was very low, resulting in low
iMFI value and a low Luminex response; yet, the correlation
between these two values was moderate (Fig. 4A). Overall, our
results confirm that a functional response as measured by in-
tracellular cytokine detection modeled by iMFI does correlate
with the level of secreted cytokine for those populations that
moderately or highly generate cytokines of interest.

With the GIMFI, we improved the iMFI modeling
approach by assigning different weights to the magnitude (fre-
quency of cytokine-positive cells) and the quality (the MFI).
We hypothesized that the GIMFI could provide the iMFI with
a wider, more general applicability by assigning different
weights to magnitude (percentage of positive cells) and quality
(MFI) of the response. Our hypothesis was based on the obser-
vation that functional response of cytokine-producing cells
and Luminex response do correlate for populations that are
major producers of cytokine-of-interest, and therefore, we
tried to find a formula that maximizes this correlation. GiIMFI,
our proposed mathematical formula for estimating functional
response of cytokine-producing cells, assigns different weights
to the magnitude (percentage of positive cells) and quality
(MFI) of the response. In this formula, o, is the optimum
parameter that maximizes the mean correlation across differ-
ent subjects. o, Was found to always be less than 1 (Table 2),
suggesting that assigning a lower impact weight to the per-
centage of cells positive as compared with the MFI in the
GiIMFI formula would strengthen the correlation. The obser-
vation that o, is always less than 1 suggests that the total
cytokine production is mainly influenced by the potential of
cytokine secretion per cell rather than by the quantity of cyto-
kine-secreting cells within a given cell subset. This can be
related to the fact that, after cell activation, cytokine produc-
tion per cell can usually vary from several orders of magnitude
over the background production, while the variation of cell
frequency is more limited. In our study, we did not assign a
fixed value to o, but adjusted it depending on the target
population and cytokine-of-interest. Our results showed that
the range that o,,, can take is narrow, with values mostly
across a limited range (lower quartile and upper quartiles were
0.29 and 0.47, respectively). Therefore, automatically assigning
any constant value to 0., within this range can result in a
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more appropriate model, compared with iMFI, where o is
equal to 1. Using Wilcoxon test with null hypothesis p(oax)
< pimren We showed that for individual subjects, p(otmay) (cor-
relation coefficients of GIMFI(o,,,) and culture supernatant
response) was greater than or equal to pjvpr (correlation coef-
ficients of culture supernatant response and iMFI) (Table 2),
confirming that GiMFI was a better model for estimating
functional response of APCs compared with iMFI for most
cytokines measured. However, there were two exceptions,
namely IL-12p40 and TNF-o produced by ¢cDCs. Table 2 shows
that P values for IL-12p40 and TNF-o produced by cDCs were
such that the null hypothesis p(0nax) < pimrr could be neither
accepted nor rejected. Figure 6B compares the distributions of
pivrr and p(oimay) for these two cases, showing that piypr and
P(0mayx) were equally distributed for IL-12p40 and TNF-o pro-
duced by cDCs (i.e., it should be expected that iMFI and
GIMFI similarly estimated the functional response of cDCs for
IL-12p40 and TNF-a produced by ¢cDCs). For these two excep-
tional cases, the curvature of GiMFI(«) versus o (Fig. 5) is
relatively low, and therefore, the value of GIMFI(x) does not
change significantly with respect to o in this range. Conse-
quently, for these two exceptional cases, GiIMFI(o,,) and
iMFI = GIMFI(x = 1) get the similar values, and as a result,
iMFI and GIMFI could be used interchangeably with neither
having an advantage.

In summary, our results show that compared with iMF]I,
GiMFI will as a general rule provide better estimates of the
degree of correlation between intracellular cytokine detected
by flow cytometry and the secretion of cytokines into culture
supernatant. Therefore, as there were no cases where GiMFI
provided qualitatively worse results, GIMFI is a superior
approach for calculating the functional response of cytokine-
producing cells. We have shown here that the intracellular
cytokine production of APC in response to TLR stimulation
as estimated by iMFI correlated with the level of cytokines
secreted into culture supernatant as measured by Luminex
assay, and that this correlation was higher for those APC
populations that represent the main producer of the cytokine-
of-interest. To properly evaluate the potentially improved pre-
dictive value of the GIMFI over the iMFI as a correlates of pro-
tection (CoP), vaccine-specific GIMFI needs to be correlated
with clinical protection in human clinical trials. Our results
set the stage to apply the GIMFI to adaptive immune
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responses in vitro, as well as measurements ex vivo in human
trials. As this data accumulates, appropriate intermediate bio-
markers, such as cytokine concentrations in serum or culture
supernatant or intracellular cytokine determination via ICS,
should allow more accurate identification of CoP. It would
also be interesting to know the generalizability of the o,y
values for each APC subpopulation computed from our stu-
dies to other analysis that correlates iMFI with some immune
response outcome.
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