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We investigated global gene expression changes in

peripheral blood mononuclear cell (PBMC) exposed to

different nicotine equivalent doses (low, medium, and high)

of whole smoke-conditioned media (WS-CM) or one nicotine

equivalent dose of smokeless tobacco extract (STE)

prepared from reference tobacco products (3R4F and 2S3,

respectively). Global gene expression profiling results

showed that 5,421 genes (2,809 upregulated and 2,612

downregulated) were dose-dependently changed by WS-CM

(pFDR < 0.01). Some gene expression changes detected in

the cultured system were also observed in our previous

clinical study. Pairwise statistical analysis did not identify

significant expression changes by low WS-CM compared to

media control. However, transcripts were significantly

affected by medium WS-CM (479 transcripts), high WS-CM

(2,703), and STE (2,156) treatments. The overlap between

medium WS-CM and STE, and high WS-CM and STE, was

minimal (34 and 65 transcripts, respectively), suggestive of

the distinct effects of WS-CM and STE treatments.

Hierarchical clustering showed that gene expression profiles

for STE and medium WS-CM co-clustered, while those

affected by the high dose of WS-CM clustered distinctly.

Functional analysis revealed that WS-CM exposures, but not

STE, uniquely affected genes involved in immune cell

development and inflammatory response. Cascades of

upstream regulators (e.g., TNF, IL1β, NFƙB) were identified

for the observed gene expression changes and generally

suppressed by WS-CM, but not by STE.

Preparation of tobacco product preparations (TPPs):

• WS-CM was prepared by passing smoke collected from

3R4F reference cigarettes using the ISO 3308 smoking

regimen: 35-60-2, puff volume in mL, puff interval in

seconds, and puff duration in seconds, respectively.

• Smokeless tobacco extract (STE) was prepared by

extracting 2S3 smokeless tobacco reference product in

Phosphate buffer (PB) for 2 h followed by filtration.

PBMC isolation and treatment:

• PBMCs were isolated from healthy non-smoking donors

(n=4) using Isolymph [2].

• Cultured PBMCs were exposed to either 0, 0.3 (low), 1.0

(medium), or 3.0 (high) µg/ml equi-nicotine units of WS-

CM or 100 µg/ml equi-nicotine units of STE for 3 hours.

Microarray analysis:

• All samples were hybridized to Affymetrix HTA 2.0

Genechip arrays. Gene expression values were

preprocessed as described in [1]. To determine the dose-

dependent changes in gene expression, we used IsoGene

method available in R, a programming language and

software environment for statistical computing [3,4]. False

Discovery Rate (FDR) was controlled by Benjamini and

Hochberg procedure (Figure 1). Pair-wise statistical

analysis was performed using ANOVA with Storey FDR

adjustment (Figure 4).

• Functional analysis was performed using IPA software.
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Cigarette smoking exerts diverse pathophysiological effects

including immune suppression. Existing epidemiological

data show that consumption of smokeless tobacco

products, such as moist snuff, is less harmful relative to

smoking. We previously demonstrated that smokers exhibit

distinct PBMC gene expression patterns relative to moist

snuff and non-tobacco consumers [1]. To better characterize

the biological effects associated with different tobacco

products, a genome-wide gene expression study was

performed using a PBMC ex vivo model.

Conclusions
• WS-CM affects PBMC gene expression in a dose-dependent manner.

• PBMC gene expression changes are generally consistent between smokers and ex vivo

conditions (23% of smokers DEGs were overlapped with those of ex vivo conditions).

• STE-responsive gene expression profiles are distinct from WS-CM-responsive gene

expression profiles.

• Only high WS-CM significantly alters biological functions in PBMCs while STE (at high

equi-nicotine units) minimally affects biological functions in PBMCs.

Figure 2. Bar graphs show expression levels of selected genes from

microarray and quantitative reverse transcription-polymerase chain

reaction (qPCR). A) The log2 fold change from microarray experiment. B) The

log2 fold change from the qPCR experiment. Peripheral blood mononuclear

cells were treated with low whole smoke-conditioned media (WS-CM) (red),

medium WS-CM (green), high WS-CM (blue), and smokeless tobacco extract

(STE) (purple). The concentrations are expressed in “equi-nicotine units”. We

validated two commonly upregulated genes using the ex vivo and the clinical

study samples (i.e. CCR2 and HHEX). Among the 20 commonly downregulated

genes, we selected few genes for validation (FEZ1, SLAMF7, CCL4 and

PRR5L). RT-qPCR were performed using Taqman® Gene Expression assays in

a multiplexed manner, in which a FAM and a VIC probe were present in the

same reaction well. The fold change was the average of three different

experiments using either ACTB, TBP, or B2M as housekeeping genes. The

error bars represent the standard errors of results from three different donor

PBMCs.

Figure 1. Venn diagrams that show all the possible logical relations

among the sets of differential expressed genes (DEGs) in this ex vivo

microarray study and our previous clinical microarray study. A) A Venn

diagram shows the common sets of up-regulated DEGs among the two studies.

B) A Venn diagram shows the common sets of down-regulated DEGs among

the 2 studies. Orange circles represent our ex vivo microarray study and blue

circle represents our clinical microarray study [1]. The number of DEGs are

shown in each element of the Venn diagram.

Figure 3. Overlaps among the differentially expressed transcripts

regulated by medium whole smoke-conditioned media (WS-CM), high WS-

CM, and smokeless tobacco extract (STE). Venn diagrams were produced to

show the differentially expressed transcripts that are commonly upregulated (A)

and downregulated (B) by medium WS-CM (yellow), high WS-CM (pink), and

STE (green).

Figure 4. Heat map under all conditions of 2,703 differentially

expressed transcripts in 3 µg/ml WS-CM treated samples.

Hierarchical clustering was performed to cluster samples and

transcripts into similar clusters. The color scale represents the

microarray log2 intensity ranging from 4 (dark blue) to 12 (dark

red). Samples (columns) were color coded based on the following

treatments: yellow, low WS-CM; green, medium WS-CM; cyan,

high WS-CM; orange, STE. Rows represent the genes.

Figure 5. Ingenuity Pathway Comparison Analysis between

treatments with medium and high dose of whole smoke-

conditioned media (WS-CM). A) Heat map showing enrichment

of ‘Diseases and Biological Functions’. The color scale represents

the activation z-score ranging from -4.990 (dark blue) to 6.648

(dark orange). B) Heat map showing enrichment of upstream

regulators. The color scale represents the activation z-score

ranging from -6.669 (dark blue) to 4.234 (dark orange). Activation

z-scores were obtained from the Diseases and Functions as well

as the Upstream Regulators databases. z-score is a statistical

measure of the match between expected relationship direction and

observed gene expression. A z-score > 2 or < -2 is considered

significant. The actual z-score is weighted by the underlying

findings, the relationship bias, and dataset bias.

Figure 6. Ingenuity Pathway Comparison Analysis between medium or high dose of

whole smoke conditioned media (WS-CM) and smokeless tobacco extract (STE). A)

Heat map showing enrichment of ‘Diseases and Biological Functions’. B) Heat map showing

enrichment of upstream regulators, (i) Comparison result between medium WS-CM and STE.

(ii) Comparison result between high WS-CM and STE. The color scale represents the

activation z-score. Activation z-scores were obtained from the Diseases and Functions as

well as the Upstream Regulators databases. z-score is a statistical measure of the match

between expected relationship direction and observed gene expression. A z-score > 2 or < -2

is considered significant. The actual z-score is weighted by the underlying findings, the

relationship bias, and dataset bias.
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