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Abstract

Introduction—We sought to determine the time and vaccinia virus dose combination that would
maximize the number of acute immune response changes in response to vaccinia stimulation in
preparation for a large gene expression microarray experiment.

Methods—PBMCs from ten subjects were exposed to five vaccinia virus doses for three lengths
of time. Gene expression was measured for 90 immune response genes via Tagman® Low Density
Immune Arrays. Expression data were normalized via model-based non-linear normalization.
Linear mixed effects model results were used to standardize changes across genes and determine
the time/multiplicity of infection (MOI) combination with the largest number of changes.

Results—The greatest number of changes occurred with a MOI of 5.0 and exposure time of 48
hours. Further inspection revealed that most changes had occurred earlier and faded at this
combination. The second highest number of changes was found at a MOI of 0.5 PFU/cell and time
of 18 hours.

Conclusions—We conclude a time of 18 hours with a MOI of 0.5 PFU/cell is the optimal time/
MOI combination for the full scale gene expression study. The strategy described herein is a
general and resource efficient way to make critical decisions regarding experimental parameters
for studies utilizing expensive assays that interrogate a large number of variables.
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1.0 Introduction

Microarray technologies have revolutionized our approach to biomedical and clinical
research beyond the imaginable. This powerful and high-throughput genomic tool allows us
to assay RNA transcript levels of thousands of genes in a single experiment (Dhiman et al.,
2002;Morley et al., 2004;Watson et al., 2000). Microarray approaches are now being used to
compare inter-individual genomic profiles, better known as “transcriptional signatures” to
determine variations in genetic constitution and regulation that may result in differences in
disease prognosis or treatment, drug or vaccine responses and susceptibility to infectious
agents (Albertson and Pinkel, 2003;Esteves et al., 2007;Trevino et al., 2007;Neuman, V and
Robinson, 2004;Maynard et al., 2007). With the sophistication of hybridization and
computational methods to analyze the vast data sets generated by microarrays, they are fast
becoming successful, mature and reliable genomic tools for personalized medicine
(Heidecker and Hare, 2007;Baron et al., 2007;Jain, 2005).

Smallpox is an ancient human disease; however, we have little fundamental knowledge
about the immunogenetics of immune responses to either vaccination or disease aided by use
of modern tools such as microarrays. Recent in vivo gene expression studies on primate
models using high titer infection (up to 10° plaque forming units) have successfully
identified some immune function gene families and pathways responsible for effective host
response to smallpox (Rubins et al., 2004;Esteves et al., 2007;Valdivia-Granda et al., 2007).
Similarly, in vitro studies with vaccinia virus using high multiplicity of infection (MOI) [up
to MOI of 10 (plaque forming units)PFU/cell] to infect human cell lines and monocyte-
derived dendritic cells have identified differentially expressed discrete gene clusters of
immune response genes between 2-16 hours post infection (Guerra et al., 2007;Grinde et al.,
2007;Assarsson et al., 2008;Guerra et al., 2004;Guerra et al., 2003). A smallpox vaccine
response study conducted by Scherer et al interrogated gene expression profiles in response
to the Aventis-Pasteur Wetvax® vaccine by sampling blood at various time points from 2-60
days post vaccination (Scherer et al., 2007). Population-based studies to profile differential
gene expression in response to smallpox vaccination have not been reported.

The success of a microarray experiment depends heavily on intelligent design, stringent
controls and replicates, and robust statistical procedures. Otherwise, due to the multiplicity
of assays involved, noise or mere chance findings instead of real biological truths may
result. Although advances have been made in terms of tools for data mining and analysis, the
corresponding design and optimization approaches have not received careful consideration
within the microarray community. We have designed a population-based gene expression
study to profile overall and gender and race-specific inter-individual differences in immune
responses to smallpox vaccination. In order to determine the optimal time point and dose of
vaccinia virus to stimulate PBMC in vitro, we propose the use of Tagman® low density
immune arrays (TLDA). These are micro fluidic cards designed to quantitate gene
expression of immune response genes such as cytokines and their receptors, HLA genes,
chemokines, growth factors, immune regulators, apoptosis markers, and others, including
classic house keeping markers. To our knowledge, TLDA has not been used for a
microarray optimization study and we demonstrate the utility of using TLDA as a
methodological way to choose a combination of optimal time point and stimulation dose
where maximal acute changes in gene expression occur.

2.0 Methods

2.1 Study subjects

We enrolled 1,076 healthy subjects (ages 18-40 years) as a part of a large, population-based
study designed to elucidate genetic determinants associated with heterogeneity in immune
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response after smallpox vaccination. All subjects had received a single dose of US-licensed
Dryvax® smallpox vaccine between one to 48 months prior to blood draw. Subjects with an
underlying immunocompromising condition, suspected exposure to smallpox, previous
participation in an experimental trial involving an unlicensed smallpox vaccine, and with a
documented “no take” to the vaccine did not meet the inclusion criteria for the study. The
study was approved by the Mayo Clinic Institutional Review Board. We obtained written
informed consent and obtained peripheral blood samples by venipuncture from each subject.

For the TLDA optimization study, we selected 10 subjects from the high and low extremes
of the immune response spectrum based on vaccinia-specific neutralizing antibody titers and
IFNy-producing cells as measured by ELISPOT as detailed below.

2.2 Vaccinia Virus

The New York City Board of Health (NYCBOH) vaccine strain of vaccinia virus was
obtained from ATCC (Manassas, VA) and was grown and titrated as described previously
(Ryan et al., 2009). Briefly, susceptible HeLa S3 (ATCC) cells were infected with
NYCBOH vaccinia virus for two to three days at a MOI of 0.05 PFU/cell and the vaccinia
virus was purified according to the protocol described previously (Earl et al., 2001b).
Infected cells were centrifuged at 500 x g for 10 minutes at 4°C, reconstituted in 10mM
Tris-ClI (Sigma, St. Louis, MO), pH 9.0, and sonicated for three cycles of 20 seconds each.
Vaccinia virus containing supernatants were layered on 36% sucrose (Sigma) and
ultracentrifuged at 33,000 x g for 80 minutes at 4°C. The pellet containing virus was
resuspended in ImM Tris-Cl, pH 9.0, resonicated as described above and titered.

The vaccinia virus was titered using a standard plagque assay on confluent monolayers of
Vero cells (ATCC) according to previously established protocols (Earl et al.,
2001a;Newman et al., 2003). The titered vaccinia virus stock was adjusted to 1x108 PFU/
mL with 1X Hank’s balanced salt solution (HBSS, Mediatech Inc., Manassas, VA)
containing 0.1% bovine serum albumin (BSA, Sigma) and incubated with 5 pg/ml Psoralen
(Sigma) for 10 minutes at room temperature. Following incubation, the viral mixture was
UV-irradiated for 60 seconds at 365 nm in a UV crosslinker (Spectrolinker™, Spectronics
Corporation, Westbury, NY) and aliquoted and stored at -80°C until further use. A single
stock of vaccinia virus was used for the entire study to eliminate potential batch-to batch
variation.

2.3 Neutralization Antibodies

Vaccinia- specific neutralization antibodies were measured by neutralization assay based on
a recombinant vaccinia virus strain expressing the p-galactosidase reporter gene as described
previously (Manischewitz et al., 2003;Kennedy et al., 2009). Briefly, serial dilutions of heat-
inactivated serum samples from individual subjects were coincubated with equal amounts of
B-galactosidase expressing vaccinia virus stock (vSC56, kindly provided by B. Moss,
NIAID) for 1 hour at 37°C. This serum/virus mixture was then added to HeLa cells plated at
a concentration of 1 x 10° cells per well in EMEM+10% fetal calf serum (FCS, Hyclone,
Logan, UT) in 96-round bottom plates, and incubated for 16-18 hours in replicates of five
per dilution. The next day all cultures were lysed using 4% IGEPAL CA630 (Sigma) in
EMEM/10% FCS at 37°C for 1 hr. 10 ul of lysate was transferred to 96 well Immulon-2
plates (Dynatech, Alexandria, VA). The B-galactosidase activity was measured using CPRG
(chlorophenolred-R-D-galactopyranoside; Roche Diagnostics, Indianapolis, IN) as a
substrate and absorbance was read at 575nm. Vaccinia Immune Globulin (VIG) was
obtained from C. Anderson (CBER/FDA) and used as a positive control. Negative controls
contained virus and assay medium only. Assay results are reported as the serum dilution

J Immunol Methods. Author manuscript; available in PMC 2012 March 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Oberg et al. Page 4

inhibiting 50% of viral activity (ID50). A minimum of three separate assays were performed
on each subject and the reported results are the average 1D50 values.

2.4 Isolation, cryopreservation and thawing of PBMC

Our detailed protocol for PBMC isolation, cryopreservation and thawing has been
previously described in detail (Ryan et al., 2009). Briefly, PBMC were isolated using
density gradient centrifugation using Accuspin tubes (Sigma) containing
HISTOPAQUE®-1077 (Sigma) from 100 mL of heparinized blood collected from each
subject. PBMC were washed with 1X PBS (Mediatech Inc.,) and were resuspended in RPMI
1640 culture media containing L-Glutamine (Invitrogen, Carlsbad, CA) containing 10%
dimethyl sulfoxide (Protide Pharmaceuticals, St. Paul, MN) and 20% FCS at a concentration
of 1x107 cells/mL. PBMC were frozen overnight at -80°C in a controlled-rate freezer, and
then transferred to liquid nitrogen for storage until further use.

PBMC were thawed by a rapid thawing method that we have previously described
(Ovsyannikova et al., 2005a;0vsyannikova et al., 2005b). The cell pellet was washed and
resuspended at a concentration of 2x108 cells/mL in RPMI 1640 culture media containing
L-glutamine (Invitrogen) supplemented with 5% FCS (Hyclone), 100 U/mL penicillin
(Sigma), 100 ug/mL streptomycin (Sigma), and 1mM sodium pyruvate (Mediatech). PBMC
were cultured for 18 hours at 37°C at a concentration of 4x10° cells/well in 24 well plates in
the presence of 50 1U/mL of IL-2 (Proleukin®, Chiron, Emeryville, CA). Following resting,
the adherent cells were detached by trypsinization (0.25% Trypsin-EDTA, Invitrogen) for 10
minutes at 37°C. PBMC were washed and resuspended in 5% FCS containing RPMI 1640
media and cell numbers and viability were checked using Trypan blue exclusion test.

2.5 IFN-y ELISPOT

IFN-y ELISPOT assays were performed using commercially available kits (R&D Systems,
Minneapolis, MN) according to the manufacturer’s instructions. Briefly, rested PBMC at a
concentration of 4x10%/mL (50uL/well) were plated on precoated ELISPOT plates. PBMC
were stimulated in triplicate with and without UV-inactivated vaccinia virus (MOI 5 PFU/
cell) diluted in RPMI 1640 culture media containing 5% FCS (Hyclone), 100 U/mL
penicillin (Sigma), 100 pg/mL streptomycin (Sigma), and 1mM sodium pyruvate
(Mediatech) for 24 hours. One well of PBMC from each subject was stimulated with 5 pg/
mL PHA (Sigma) as a positive control. The plate was incubated for 2 hrs with Streptavidin-
AP conjugate and the reaction was developed using BCIP/NBT chromogen. Plates were
dried, scanned and analyzed using an automated Immunospot® S4 Pro Analyzer (Cellular
Technology Ltd., Cleveland, OH).

2.6 TLDA assays

Rested PBMC at a concentration of 4x10%/mL (500 pl/well) were plated in duplicate on 6
well tissue culture plates (Becton, Dickinson & Co., Franklin Lakes, NJ) with UV-
inactivated vaccinia virus (MOI 0.5, 1 and 5 PFU/cell) diluted in RPMI 1640 culture media
containing 5% FCS (Hyclone), 100 U/mL penicillin (Sigma), 100 ng/mL streptomycin
(Sigma), and 1mM sodium pyruvate (Mediatech) for 12, 18, 24, 36 and 48 hours in a CO»
incubator at 37°C. PBMC with media alone served as zero time-point controls. After
specified time points, the cells were stabilized using RNAprotect cell reagent (Qiagen,
Valencia, CA). Total RNA was extracted according to the manufacturer’s instructions using
the RNeasy Protect Cell Mini kit (Qiagen).

Gene expression was profiled according to the manufacturer’s instructions provided by
commercially available TagMan® Human Immune Array representing 90 immune function
genes and 6 house keeping genes on a 384-plex genecard (Applied Biosystems, Carlsbad,

J Immunol Methods. Author manuscript; available in PMC 2012 March 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Oberg et al.

Page 5

CA). First, cDNA samples were prepared from total RNA samples using the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems). 100 ul of cDNA from each sample
was mixed with an equal volume of TagMan Universal PCR Master Mix (Applied
Biosystems), centrifuged, and loaded on the port on a TLDA card (Applied Biosystems).
The genecard was sealed and PCR amplification was performed for 40 cycles of 2 minutes
at 50°C, 10 minutes at 94.5°C, 30 seconds at 97°C and 1 minute at 59.7°C using an ABI
Prism 7900HT sequence detection system (Applied Biosystems).

2.7 Study Design

Changes in immune response gene expression from a time of 0 hours and MOI of 0 (control)
were investigated for five time points (12, 18, 24, 36, 48 hrs) and three MOI levels (0.5, 1.0,
5.0 PFU/cell) in a full factorial fashion for a total of 15 time/MOI treatment combinations
for each of ten subjects. As each TLDA plate accommodates four specimens, one well was
used for the control and the remaining three wells for three of the 15 time/MOI
combinations of interest. All four specimens on a given plate were from the same subject.
Thus, expression values were planned for each patient at 15 time/MOI combinations and
five replicates of the time=0/MOI=0 combination. Run order for the time/MOI combinations
were randomized so that run date would not be confounded with treatment combination.

2.8 Secreted cytokine measurements by ELISAs

The levels of vaccinia virus-specific IL-1p, IL-2, IL-4, IL-6, IL-10, IL-12p40, TNF-a, and
IFN-y (all from BD Pharmingen, San Diego, CA) and IL-18 (MBL International, Woburn,
MA) were measured in cell free PBMC culture supernatants by ELISA following the
manufacturer’s protocol at pre-optimized conditions described in detail previously (Ryan et
al., 2009;Dhiman et al., 2004).

3.0 Statistical methods/analysis

The goal of this study was to estimate the time/MOI combination that maximized the acute
change in expression from baseline in response to vaccinia stimulation for the most genes
possible. The primary endpoint was the ACy value which is defined as the Ct value (which
ranges from 0 to 40 cycles) for the gene minus the Cy value for the endogenous control
(18S) for each well. All analyses were performed on the log base-2 scale where expression
changes are considered additive.

Per specimen modified MVA plots (Eckel et al., 2005), similar to Bland-Altman plots(Bland
and Altman, 1986), were used to assess the existence and functional form of biases. Biases
were seen between plates and specimens, and these biases were a function of abundance
indicating the need for nonlinear normalization. Thus, a nonlinear model-based
normalization allowing incorporation of pertinent experimental effects was used to
normalize the data. The normalization model was a semiparametric model of the form ACy
= u + f(u) + & where ACy represents the un-normalized value defined above, u represents the
true mRNA signal for each gene, f(u) represents a nonlinear bias function and ¢ represents
random error. Due to the fact that the panel consisted of immune response genes and we
expected to see changes in response to vaccinia in the majority of these genes, the data were
normalized within time/MOI combinations. This was accomplished by setting u = geneg +
(time*moi)ym + (gene*time*moi)qm Where geneg is a categorical variable representing the
gth gene, (time*moi)n, is a categorical variable representing the time by MOI levels (the
interaction) and (gene*time*moi) gy represents the interaction between the gene and time/
MOI levels. Thus, this is a model to estimate the gene means within time/MOI combination.
A per-specimen nonlinear bias curve was accommodated via the nonparametric function
fmps(w) representing the mth MOI on the pth plate for the sth subject. Estimation of the
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parametric and nonparametric portions is accomplished in an iterative fashion. In concept,
this normalization algorithm amounts to the following steps: 1) create per-specimen
modified MVA plots with residuals from the parametric model on the vertical axis versus
the predicted value on the horizontal axis, 2) fit a nonlinear smooth to this plot to estimate
the bias function fmps(x), and 3) subtract the estimated bias from the original data. If the data
are completely normalized, the smoother would lie on the horizontal y=0 line of this plot. A
comprehensive discussion of the model building and estimation processes has been
published (Eckel et al., 2005).

A linear mixed effects model was then fit for each gene with the normalized log base-2 ACt
values as the dependent variable, and time, MOI and the time-by-MOI interaction as the
independent variables. Subject was included as a random effect in order to account for
correlation between observations on the same subject. Estimates of the negative average
difference for each gene at each time and MOI combination relative to the control were

computed from this model. This estimate, ~AAC, ., where g indicates gene, t indicates time
and m indicates MOI, corresponds to the average -AAC+ value and can be interpreted as the
average fold change from control on the log base-2 scale. A standardized Z-score was then
calculated for each gene at each time/MOI combination by subtracting the overall gene
specific mean and then dividing by the model based standard error in order to place all genes

on a common scale, i.e., Zgm=— (AAC,,,, = AAC,, .} / VMSE; where « indicates
summation over the corresponding subscript.

The absolute value of the Z-score was used in order to determine the time/MOI combination
with large changes in the most genes since up- and down-regulation were of equal interest.
First, the time/MOI value corresponding to the maximum absolute value Z-score was
determined for each gene and the number of genes for which each time/MOI combination
had the maximum score was tabulated. In addition, the absolute Z-scores were summed over
all genes within each time/MOI combination to determine the time/MOI combination with
the largest sum.

Finally, we tallied those time/MOI combinations with the maximum change plus those that
were “close seconds,” where “close second” was defined to be overlapping + one standard
error intervals. To do this, the gene specific mean + standard error points were Z-

transformed as g m= — {[AAC Tem T SE(AAC Tg_,,,,)] - AAC ;Q_..} / NVMSEy¢. The time/MOI
combinations for which these intervals overlap the maximal change interval were tallied
over all genes within each time/MOI combination.

Association of gene expression measured by TLDA and cytokine secretion measured by
ELISA was assessed via Spearman’s correlation.

4.0 Results

4.1 Subjects

The ten subjects were chosen such that five had high immune response and five had low
immune response according to both the vaccinia-specific neutralization antibody and IFN-y
ELISPOT assays. For the low responders, the median number of IFN-y secreting cells was
11 (range -1 to 28) and median neutralization antibody IDgy was 47.43 (range 34.9 to 28).
For the high responders, the median number of IFN-y secreting cells was 127 (range 95 to
219) and median neutralization antibody IDgg was 331.8 (range 171.1 to 481.9). Nine
subjects were male and 1 was female and the ten subjects had an average age of 23.4 yrs
(range 19 to 32 yrs). One subject reported a race of Black or African-American, 8 reported
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White, and 1 reported Other. One subject reported being Hispanic or Latino and the
remaining nine subjects reported being Not Hispanic or Latino.

4.2 TLDA Results

Pre- and post-normalization box and whisker plots are shown in Figure 1. Global shifts in
AC+ values are evident from vertical shifts in the boxes, especially between patients and
between the multiple control samples within a patient. These shifts are reduced in the post-
normalized data. Variance is reduced post-normalization as well.

Some time/MOI combinations were not observed for some subjects due to insufficient
sample. Of the 90 immune response genes, 22 genes were excluded after normalization from
further analyses because 40% or more of the values over all of the samples were at the
maximum C+ value of 40 and therefore were largely uninformative leaving 68 genes for
further analysis.

4.3 Optimum Time/MOI Combination

Frequencies for the number of times the maximum Z-score occurs for each time/MOI
combination are shown in Table 1. The most maximum Z-scores were observed at time=48
hours and MOI=5.0 PFU/cell with a tally of 47 genes. The other metrics described in the
methods indicated the same optimal time/MOI combination. Upon further inspection, all 47
genes were found to be down-regulated compared to control. For nearly all of the 47 genes,
this down-regulation appeared to not be the primary change. For example, Figure 2 shows
Z-scores for all time/MOI combinations for IL-10 and TNF-a gene expression. It is evident
for IL-10 that the largest acute response is an up-regulation at 12 hours. The broad down-
regulation of gene expression at 48 hours is likely to be a result of large-scale, viral-induced
shutdown of cellular metabolic activity and/or cellular death.(Buller and Palumbo,
1991;Jungwirth and Launer, 1968;KIT and DUBBS, 1963) As our primary focus was the
acute response to viral infection, we excluded the 48 hour time point from further
consideration. When excluding time=48 hours, the time/MOI combination with the most
maximum absolute Z-scores was MOI=0.5 PFU/cell at 18 hours. This was the case for all
metrics used.

4.4 Comparison of Gene Expression to Secreted Cytokine Levels

Table 2 shows the summary of corresponding secretion levels for the 10 subjects in this
study for the 9 cytokines which were represented on the TLDA. Secretion of IL-6, IL-12p40,
IL-1B, IFN-y and TNF-a was observed (Table 2). Little relationship between gene
expression and cytokine secretion was observed as demonstrated in Figure 3 These measures
were significantly correlated only for IL-2 (Spearman r=0.72, p=0.03), in spite of the fact
that no meaningful change was observed in either endpoint. Gene expression increased for
IL-12p40, decreased for IL-10 and TNF-a, and did not change for IL-2, IL-4, IL-6, IL-18
IL-1pB and IFN-y (Supplementary Table 1).

5.0 Discussion

In this study we sought to determine the time and vaccinia dose combination that would
maximize identification of the number of acute immune response changes in response to
vaccinia stimulation in preparation for a large gene expression microarray experiment. We
utilized a TLDA immune response panel to assess expression of 90 immune response genes
at 15 time/MOI combinations in ten subjects. There is indeed evidence of change from
baseline in many of these genes. While the maximum number of large changes occurred at a
time of 48 hours and MOI of 5 PFU/cell, we determined that most acute responses had
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passed by 48 hours. The ideal time/MOI combination appears to be 18 hours with a MOI of
0.5 PFU/cell.

In our previous optimization we compared the vaccinia-specific secretion of a panel of
cytokines following stimulation with either the replicating (live) NYCBOH strain or the
virus inactivated with psoralen and long wavelength UV light (Ryan et al., 2009). We
observed higher secretion of vaccinia-specific cytokines involved in both innate and
adaptive immunity with the inactivated vaccinia virus. Therefore, we chose to use
inactivated vaccinia virus for all gene expression studies as the inactivated vaccinia virus
retains the ability to infect cells but cannot replicate and hence potentially perturb the host
cell machinery (Tsung et al., 1996).

There is a clear need for normalization of the relative abundance values produced by RT-
PCR due to experimental variation between clinical samples resulting from sample handling
and extraction as well as thermal cycling differences between plates (Abruzzo et al.,
2005;Kagedal et al., 2007;Kriegova et al., 2008;Marco and Kleerebezem, 2008). Many
authors propose use of a housekeeping gene(s) that is expected to have little variation
between tissue types and experimental conditions as a normalizing factor. Use of one gene
as a normalization factor on a TLDA array where expressions of multiple genes are
measured assumes the same normalization factor (i.e., bias correction factor) holds for all
genes. Indeed, several genes have been evaluated as potential normalizers with varying
conclusions of reliability. Given the variability observed by ourselves and others in genes
used as normalizers, and the fact that statistical models easily handle relative abundance
values provided proper experimental design is used, the ideal endpoint for analyses would
be Ct rather than ACr.

Inspection of the data at hand indicated that a single normalizer was not sufficient; nonlinear
smoothers on the MVA plots demonstrated that bias was a function of abundance rather than
constant for all genes. It is well known that nonlinear biases in gene expression are generally
expected in the expression microarray literature on various platforms, and nonlinear model-
based normalization has been found to be optimal in that setting (Dudoit et al., 2002;Bolstad
et al., 2003;Eckel et al., 2005;0berg et al., 2006; Cunningham et al., 2009).

Thus, we used a nonlinear model-based normalization that allows incorporation of known
experimental effects, e.g. TLDA plate, to remove the nonlinear biases in the ACt values
(Eckel et al., 2005). As with most commonly used global microarray normalization
algorithms, this assumes that only a small portion of genes are differentially expressed
between specimens normalized together, that the distribution of differentially expressed
genes is approximately symmetric about identity, and that there are sufficient genes for
estimation of bias without over-fitting. Data from all 96 genes were used in the
normalization in order to estimate the entire expression distribution. While 96 total genes is
small relative to the number of genes on high dimensional arrays, the distribution of
expression values spanned a range sufficient to estimate bias as a function of mean
abundance without over-fitting or undue influence from a few genes. Normalization was
performed within a time/MQOI combination since a large portion of this panel of immune
response genes were expected to be differentially expressed between these combinations.

Per-gene linear mixed effects models such as those proposed in Steibel et al were used to
compute predicted values for all time/MOI combinations (Steibel et al., 2009). We allowed
for a gene-specific variance. These models allow estimation of average change from control
using all available TLDA data, even from plates where the control failed due to insufficient
sample. Z-scores were used to put all genes on an equal playing ground when summarizing
changes. While the goal here was to determine the time/MOI combination yielding the most
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changes, the analytical strategy using non-linear normalization together with linear (mixed)
models can be easily used for estimating fold changes, significance of changes and
associated confidence intervals in these high throughput PCR assays. In fact, multiple
comparisons assessing statistical significance of pair-wise comparisons could be performed
within the per-gene model framework to determine whether the time/MOI combination with
the maximum change is significantly different from the “close second” combinations for an
optimization study with a large enough sample size; those with the largest changes, yet not
significantly different from the largest, could all be considered candidates for the optimal
time/MOI setting. An optimization study with small sample size would have limited power
to detect such differences however, so care should be taken while interpreting non-
significant differences.

There is limited literature on the identification of putative immune response genes post-
smallpox vaccination to compare and contrast the genes that we identified in our
optimization study (Scherer et al., 2007;Esteves et al., 2007;Assarsson et al., 2008;Guerra et
al., 2004;Guerra et al., 2003). Despite this, we found overlap of some key genes that we
identified with our approach in the literature. Guerra et al identified up-regulation of genes
in two clusters containing 20 immune response genes at 2, 6 and 16 hours post infection in
Human HeLa cells in response to modified vaccinia virus Ankara (Guerra et al.,
2003;Guerra et al., 2004). Some of the key immune response genes belonging to these two
clusters, including CD28, CD80, IL-1A, IL-6, IL-7, IL-8, IL-15 and components of signal
transduction pathways, such as NFKB2, were identified using our approach. In addition,
CDA40, FN1, and HLA-DRA molecules that were found to change in our study were also
identified to be differentially expressed in a smallpox vaccine (Aventis-Pasteur Wetvax®)
immune response study (Scherer et al., 2007). These data suggest that the conditions for
time and MOI identified using our approach would be optimal for detecting differences in
key immune response genes.

Our cytokine secretion data showed only mild concordance with gene expression data as
demonstrated by scatter plots and correlations. The lack of direct correlation between
mRNA and protein expression has been reported in other studies as well (Chen and Wilson,
2007;Gyugi et al., 1999;Moutaftsi et al., 2010). There is no clear and simple one-to-one
correspondence between PCR primer sets (or microarray probe sets) and protein species and
it is likely that post-transcriptional, translational, post-translational, and other forms of
regulation contribute to the disconnect between protein and mRNA expression levels (Fagan
et al., 2007;Zhang et al., 2010;Chen and Wilson, 2007). Furthermore, there are temporal
delays between mMRNA expression and protein production and transport to the appropriate
cellular location, not to mention the effects of the ubiquitin-proteosome system on protein
regulation (Hershko and Ciechanover, 1998;Kodadek, 2010). We observed gene up- or
down-regulation and subsequent secretion of 1L-12p40 and TNF-a in smallpox vaccinees.
Gene down-regulation was observed for IL-10 but no cytokine secretion was detected.
IL-1B, IFN-y and IL-6 were secreted despite no change in gene expression. No secretion or
change in gene expression was observed for IL-2, IL-4 and IL-18. Limited literature on
vaccinia-specific cytokine detection show that infected human peripheral blood cells can
secrete IFN-a, TNF-a, IL-1f, IL-6 and IL-10 (Zhang et al., 2005;Ennis et al., 2002;Ryan et
al., 2009). In addition, the absence of IL-4, IL-10, and IL-18 secretion was also in
concordance with no up- or down-regulation of the corresponding genes for these cytokines.
There are no reports on IL-4, 1L-12p70 and IL-18 secretion post-smallpox vaccination. A
few reports show low secretion of IL-4 and no secretion of 1L-12p70 or 1L-18 by PBMC in
response to a related poxvirus, parapox virus ovis (PPVO) (Friebe et al., 2004;Zhang et al.,
2005).
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6.0 Conclusions

This study evaluates gene expression for a large panel of immune response genes at 15
different time/MOI combinations using a factorial treatment design. The use of TLDA
allows such an evaluation in a relatively high throughput manner and at a reasonable cost
compared to other technologies. While the sample sizes here are small, they are sufficient
for determining optimal time/MOI conditions. Our results will inform a high dimensional
microarray experiment with much larger sample sizes to be performed allowing for
inferences between immune response groups, gender, race and ethnic groups in known
immune response genes as well as discovery of other genes involved in the immune
response process. The strategy we have implemented represents a way of making decisions
regarding critical experimental parameters that is faster, cheaper and less labor intensive
than utilizing the microarray platform intended for the full study. We expect this strategy to
be practical and useful to many investigators in any area of research utilizing expensive,
high dimensional assay platforms that interrogate hundreds to thousands of end points.
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Figure 1.

Pre- (panel A) and post- (panel B) normalization box and whisker plots of the ACy values
for all specimens, sorted by TLDA plate run order. The vertical axis is log base 2 ACt and
the horizontal axis corresponds to specimen ID. The bottom and top of the box represent the
25t and 75t percentiles of the probe expression values. The horizontal bar inside the box
represents the median. The whiskers extend to either 1.5 times the interquartile range (75"
percentile minus the 25t percentile) beyond the box or the most extreme point, whichever is
shorter. Points beyond that range are shown as circles.
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Figure 2.

Z-statistics for IL10 (panel A) and TNF (panel B) for each time/MOI combination. The
vertical axis is the standardized model-based estimate of change from control and the
horizontal axis corresponds to time in hours of exposure to vaccinia. Line types indicate
MOI as indicated in legends. The closed diamond indicates the time/MOI combination with
the maximum absolute Z-score (excluding time=48 hours) for that gene while the open
circles indicate non-maximum standardized model-based estimates. Vertical bars indicate Z-
transformed + 1 standard error limits. Dots for the three MOIs are jittered somewhat at each
time to enable complete viewing of the confidence intervals.
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Scatter plots demonstrating relationship between normalized TLDA gene expression on the
y-axis and cytokine secretion measured by ELISA on the x-axis. Both axes are fold change
from control. Spearman correlations and associated p-values are included in axis labels.
Cytokines are indicated in panel titles. IL-4 did not express on the TLDA, so is not shown.
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Frequencies for the number of times the maximum Z-score occurs for each time/MOI combination.

Table 1

MOl
Hours | 0.5 1.0 | 50
12 56 48 53
18 | g5* | 63 | 60
24 52 47 51
36 61 57 52
48 2 | 9|4

*
Time/MOI combination with the overall largest frequency of maximum absolute Z-scores.

Fk

Time/MOI combination with the overall largest frequency of maximum absolute Z-scores when excluding 48 hours.
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Table 2

Secreted levels of vaccinia-specific cytokines in PBMC infected with UV-inactivated vaccinia virus on the 10
subjects in this study.

Cytokine  \edian pg/mL (IQR)#

IL-2 7.26 (-4.53, 14.96)
IL-4 -0.11 (-2.29, 1.73)
IL-6  574.14 (368.05, 627.64)
IL-10 0.50 (-3.83, 4.30)
IL-12p40  59.76 (22.03, 149.05)
IL-18 -0.89 (-3.26, 2.63)
IL-1B 26.32 (15.86, 45.36)

IFN-y  323.28 (54.11, 918.69)
TNF-o  100.81 (66.22, 179.61)

Cytokine secretion levels defined as the difference in the median of the vaccinia stimulated PBMC and the median of the unstimulated PBMC
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