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Abstract

We hypothesized that leucocytes may be a significant source of physiologically active gases. Furthermore, it
is hoped that alterations by disease of these volatile organic compound (VOC) profiles can ultimately be used as
noninvasive biomarkers. We recently demonstrated that transformed promyelocitic cells produce distinct gases.
(J Transl Med. 2009 7:31). The current study extends this work to neutrophils and peripheral blood mononuclear
cells (PBMCs). Cells were isolated from the peripheral blood of healthy donors (n=10, 18-65 yrs old), resuspended
in RPMI, and incubated in bioreactors for 24 hrs. The headspace was analyzed using gas chromatography.
Acetaldehyde was elevated from neutrophils(median (min, max); 197 (34, 577) ppbv) compared with media (88
(40,116) ppbv, p=0.014). In the presence of alanine, neutrophils emitted more acetaldehyde (>1.5 fold compared
to basal level). In contrast, acetaldehyde from PBMCs was 26 (8, 89) ppbv, significantly below media (p=0.004).
Adding alanine did not affect acetaldehyde emissions from PBMCs. Also, hexanaldehyde appeared metabolized by
neutrophils and PBMCs. This study demonstrates 1) that human primary immune cells produce measurable VOCs
in vitro, and 2) the ability to detect basal levels of acetaldehyde from unperturbed cultured neutrophils. Moreover, the

data suggest that different leukocyte subtypes have different VOC profiles.
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Introduction

There is growing recognition that many of the volatile organic
compounds detectable in exhaled breath reflect disease or metabolism
[1,2] However, attempts to identify disease-specific breath biomarkers
for clinical application face numerous challenges. One of the most
salient of these challenges is linking gas signals detected in the breath
to cellular mechanisms. Given, for example, the associations now
established between the detection of exhaled gases like nitric oxide
and increased lung eosinophilia [3,4] we reasoned that a better
understanding of the gas profiles produced by other circulating
inflammatory cells would prove useful in efforts to gauge the clinical
utility of gases detected in exhaled breath.

Compared to the widespread focus on gases like nitric oxide and
asthma cited above, there has been far fewer investigations attempting
to link the production of distinct gases to specific cell types [5-8]. For
example, Deng et al. [9], using solid-phase microextraction combined
with gas chromatography-mass spectrometry (GC-MS), demonstrated
that whole blood collected from patients with lung cancer generated
appreciable amounts of hexanaldehyde and heptanaldehyde compared
to whole blood from healthy donors. Moreover, in our own laboratory,
we recently demonstrated that distinct gases such as acetaldehyde
and hexanaldehdye were produced specifically by transformed
promyelocitic cells [10].

In this study, we hypothesized that human leukocytes found in the
circulating blood (neutrophils and PBMCs) could generate detectable
levels of cell type-specific gasses. We utilized a bioreactor developed
for our previous study [10], and a gas chromatographic system capable
of detecting gas concentrations down to parts-per-trillion. The goals
of the current study were two fold: 1) to examine the adaptability of
the bioreactors and the analytical techniques using human leukocyte
cells in culture; and 2) to identify unique gas signatures that could
distinguish neutrophils from PBMCs.

Methods

Subjects: Ten healthy, adult men between the ages of 18 and 65 yr
participated in this study through the Institute for Clinical Translational
Sciences (ICTS) general blood donor program. Subjects having a
history of any chronic medical conditions, or use of any medications
were excluded from the study. The Institutional Review Board at the
University of California, Irvine approved the study.

Blood sampling and cell isolation: The blood was sampled from
the antecubital vein using EDTA-treated vacutainers. Neutrophils and
PBMCs were then isolated using OptiPrep Density Gradient Medium
(Sigma). The isolation of the neutrophils and PBMCs consistently
yielded >98% purification based on Wright-giemsa stain and Flow
Cytometric analysis [11,12].

Cell culture and headspace gas collection: Purified neutrophils
and PBMCs were resuspended in RPMI 1640 [Irvine Scientific, Santa
Ana, CA] and supplemented with 10% fetal calf serum (FCS). The vials
containing cell suspensions (30 x 10° cells/10 mL) were placed inside
bioreactors specifically designed to collect the gaseous headspace
above aqueous cultures [6] (see Figure 1). To minimize ambient
contaminants each bioreactor was flushed with whole air containing
low levels of VOCs and 5% CO, for 10 minutes at 125 mL per minute.
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Figure 1: The 378 mL glass bioreactor designed for incubating cells in air
containing low levels of volatile organic compounds and post incubation
collection of the gaseous headspace. The analysis of headspace gases and
room samples was performed on the system developed by Blake-Rowland
Laboratory to quantify trace gases, and is described in detail elsewhere [13].

The bioreactors were then placed in an incubator at 37°C for 24 hrs. The
headspace gases were collected after incubation and analyzed using a gas
chromatographic system with multiple column/detector combinations
[13]. Following sample collection the bioreactor was disassembled
and the cells were immediately collected and counted. Trypan blue
exclusion assay was performed to determine the percentage of live cells
following incubation.

Gas chromatography: The analyses of the headspace gases were
performed on the system previously developed by the Blake-Rowland
Laboratory at UCI to measure trace atmospheric gases. A complete
description of the GC parameters and analytical methods are given
elsewhere [10,13] .Briefly, a 233 cm® (at STP) sample was cryogenically
pre-concentrated and injected into a multi-column/detector GC
system. The system consists of three Hewlett-Packard 6890 GC units
(Wilmington, DE) using a combination of columns and detectors
capable of separating and quantifying hundreds of gases, including, but
not limited to, non-methane hydrocarbons (NMHCs), alkyl nitrates
and halocarbons in the ppbv to pptv range (10°-10"2). The detectors
include flame ionization detectors (FIDs), electron capture detectors
(ECDs), and a mass spectrometer detector (MSD). Preliminary
identifications of the unknown compounds were made using GC-MSD
and verification was obtained by injecting the diluted headspace of
pure compounds (Sigma-Aldrich, St. Louis, MO) to ensure that both
the elution time and the mass spectrum matched that of the unknown.
The percent CO, in the air used to flush the bioreactors was determined
using a Carbosphere 80/100 packed column output to a thermal
conductivity detector (TCD).

Statistical analysis

From each of the 10 samples of neutrophils, PBMCs, and
corresponding media, the gases were obtained with or without
replicates depending on the availability of blood or media, and the
average was calculated for each gas if there were replicates. The gases
whose maximum expression from all samples was less than 100 pptv
and/or whose maximum change, increase or decrease, from media was
less than 50% were considered not scientifically meaningful and were
excluded for further analysis. The remaining gases from neutrophils
and from PBMCs were compared to the corresponding media using
the Wilcoxon signed-rank test. Due to the large number of gases

under investigation, we further applied Benjamini and Hochberg’s
False Discovery Rate (FDR) controlling method to adjust for multiple
comparisons. A gas from neutrophils or PBMCs is considered
significantly changed from the media if FDR<0.05. All analysis was
done with SAS 9.2 (Cary, NC) and data are presented with median and
range (minimum, maximum) due to the small sample size and the non-
parametric test applied to the data. The mean and standard deviation
(s.d.) is also provided in bracket.

Results

A total of 59 gases were obtained from human neutrophils (n=10,
total replicates=20) and PBMCs (n=10, total replicates=28) and media
control (n=10, total replicates=22), of which 24 gases were included
for statistical analysis. After multiple comparison adjustment, 4 gases
(acetaldehyde, hexanaldehyde, 3-methylpentane, methylcyclopentane)
from both neutrophils and PBMCs, 3 gases (n-hexane, styrene, 2-methy-
2-butene) from only PBMCs, and 1 gas (ethylene sulfide) from only
neutrophils were found significantly different from media. To exclude
gases originating from other than cells, the experiments included

600

500 H

Acetaldehyde (pphv)
o Y
g S
=) =
7 A

=]
=)
=1
L
x
>

100 4 X X

Elood donor subjects

B C
75 iz
—NEUTROPHILS _NEUTROPHILS
+ALA
pt et 70 —MEDIA +ALA
=z —PBMCs —PBMCs+ALA
£ 65 ~-ROOM a < BEET
g
g
3 B0 i
z
o
B 55 55
" * (\-—___
44 R
58 52 65 70 74 58 B2 66 10 74

Time (min) e

Figure 2: (A) The acetaldehyde emitted in the bioreactor headspace of
neutrophils (red bar) and PBMCs (blue bar) following 24 h of incubation.
Acetaldehyde concentration is significantly higher from neutrophils (p=0.014)
and significantly lower from PBMCs compared to media (white bar, p=0.004). X
represents replicates. (B) Representative chromatograms of acetaldeyde from
neutrophils (in red), PBMCs (in blue), and culture media (black). Acetaldehyde
has been generated from neutrophils, however, PBMCs from the same subject
presented a level below the culture medium. (C) Representative chromatograms
of acetaldeyde in the presence of an additional 100 mg/L alanine. Neutrophils
cultured with additional alanine (in red) emitted 1.5 fold higher amounts of
acetaldehyde when compared to the neutrophils from the same subject
cultured in basal medium. PBMCs from the same subject presented a level
below the culture medium even in the presence of alanine (in blue).
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Figure 3: Hexanaldehyde emitted in the bioreactor headspace of neutrophils
(red bar) and PBMCs (blue bar) following 24 h of incubation are presented.
X represents replicates. The hexanaldehyde concentrations are significantly
lower from neutrophils and PBMCs compared to media (white bar).
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Figure 4: The acetone concentration emitted in the bioreactor headspace of
neutrophils (red bar) and PBMCs (blue bar) following 24 h of incubation are
presented. X represents replicates. The emitted acetone concentrations from
cell culture bioreactors in which the neutrophils and PBMCs were grown were
not different from the headspace gases obtained in the media only (white bar).

the analyses of various control conditions such as ambient room
air, incubator air, headspace gas from empty flushed and incubated
bioreactors, headspace gas from empty EDTA-treated vacutainers,
and headspace gas from incubated density gradient solutions used for
leukocyte separation.

Neutrophils and PBMCs produced several distinct gas signatures
that were significantly different from media control. Figure 2A illustrates
a significantly increased emission of acetaldehyde from cultured
neutrophils isolated from ten healthy blood donors (median (min,
max): 197 (34,577) ppbv; [mean + s.d: 221 + 159 ppbv]) when compared
with media alone (88 (40,116) [86 + 21] ppbv, p= 0.014, FDR=0.038).
Interestingly, the level of acetaldehyde from PBMCs obtained from
the same subjects was 26 (8, 89) [29 + 23] ppbv, significantly below
media alone (p=0.004, FDR=0.015). An overlay of representative
chromatograms of acetaldehyde from neutrophils, PBMCs, and culture
media are presented in Figure 2B. The concentration of acetaldehyde
in the headspace of the neutrophil culture was greater than the culture
medium. However, the headspace of PBMCs cultured from the same
subject had concentrations of acetaldehyde below the culture medium.
As described elsewhere the tailing peak is due to the oxygenate’s
interaction with the surfaces and column of the analytical system[10].
Neutrophils emitted 1.5 fold higher amounts of acetaldehyde in the
presence of an additional 100 mg/L alanine. In contrast, the addition
of alanine did not make any changes in acetaldehyde released from
cultured PBMC:s (Figure 2C).

Hexanaldehyde was observed to decrease in the bioreactor
headspace with both neutrophils and PBMCs. Hexanaldehyde was 3.5
(1.0, 6.8) [3.4 £ 1.6] ppbv from media, but was only 0.8 (0.4, 2.5) [0.9
+ 0.6] ppbv from neutrophils (p=0.002, FDR=0.011) and 0.5 (0.2, 0.8)
[0.5 £ 0.2] ppbv from PBMCs (p=0.002. FDR=0.011). We speculate
that the decrease in concentration of this gas may be due to removal by
cellular metabolism. Hexanaldehyde concentrations from neutrophils
and PBMCs in culture obtained from the 10 donors are presented in
Figure 3.

Ethylene sulfide was 1.4 (0.3, 2.6) [1.3 £ 0.7] ppbv from media, the
level was significantly lower (p=0.0098, FDR=0.033) from neutrophils
0.6 (0.1, 2.0) [0.9 £ 0.7] ppbv but not from PBMCs 1.8 (0.1, 4.6) [1.8 +
1.6] ppbv (data not shown).

Acetone was observed in the headspace of neutrophils and
PBMC:s in culture. However, the emitted acetone concentrations from
neutrophils and PBMCs were not different from the headspace gases
obtained in the media only (Figure 4).

Several gases were initially observed to be significantly higher
from PBMCs and/or neutrophils in culture. However, these gases
turned out to be carry-over contaminants originating from the plastic
EDTA vacutainers used to collect the whole blood. These gases include
methylcyclopentane, 3-methylpentane, and n-hexane as shown in
Figure 5, and 2-methy-2-butene and styrene not shown.

The cell viability or percent survival for the neutrophils and PBMCs
following 24 hr incubation was 76+18% and 95 +18% respectively.
Neutrophils, as expected, were not as robust as the PBMCs and their
population was reduced following 24 hr incubation.

Discussion

This study demonstrates 1) that human neutrophils and PBMCs
produce volatile gases that can be measured in vitro in trace amounts,
2) for the first time the ability to detect basal levels of acetaldehyde
produced by unperturbed cultured neutrophils, and 3) of most
significance the data suggests that different leukocyte subtypes have
different gas emission profiles.
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Figure 5: Representative chromatograms of media (dashed) and media
exposed to plastic EDTA vacutainers. These gases, 3-methyl pentane,
n-hexane, and methylcyclopentane were observed to be significantly higher
from PBMCs (in blue line) and/or neutrophils (in red line) in culture. However,
they were determined to be carry-over contaminants from the plastic EDTA
vacutainers, and excluded from the study.
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Acetaldehyde has previously been detected in exhaled human
breath [14,15]and in human lung cancer cell line cultures[6-8]. In
general, acetaldehyde concentrations were found to be taken up
by lung cancer cell lines and normal lung cell lines. We previously
demonstrated that malignant myelocytic white blood cells, using
cultured HL60 cells, are capable of producing acetaldehyde [10].
The current study also demonstrates that primary myelocytic cells,
i.e., neutrophils obtained from healthy subjects, emitted appreciable
amounts of acetaldehyde into the gas phase, above the background
media acetaldehyde levels (Figure 2). Although 2 subjects have lower
acetaldehyde from neutrophils than from media (see Figure 2A),
the difference (acetaldehyde from neutrophils minus acetaldehyde
from media) is relatively small and the difference among subjects is
expected since we obtained blood cells from normal healthy donors.
Elegant work by Hazen and colleagues confirmed the ability of PMA-
activated neutrophils to oxidize amino acids and produce aldehydes,
a reaction requiring myeloperoxidase (MPO), hydrogen peroxide
(H,0,), and chloride ion (CI')[16,17]. Since human neutrophils have
high myeloperoxidase protein expression and activity, this amino acid
oxidation is a likely pathway for the generation of acetaldehyde from
neutrophils. In agreement with Hazen, when the amino acid alanine
was added to the culture system, acetaldehyde release from neutrophils
in culture increased. We speculate that the subjects having lower levels
of acetaldehyde in the headspace above neutrophils in culture (subject
#5 and #6) may have individual differences in their metabolisms that
lead to lower levels of produced acetaldehyde (i.e., lower levels of the
available substrate alanine to form acetaldehyde).

In contrast, PBMCs from healthy individuals seemed to consume
acetaldehyde rather than release it into the gas phase. The acetaldehyde
released from cultured cells appears to be cell type-specific (i.e,
neutrophil- type vs PBMC-type). Furthermore, the addition of alanine
did not alter acetaldehyde emission from PBMCs in culture. The
precise mechanism of acetaldehyde metabolism by PBMC:s has not yet
been fully investigated.

Cultured promyelocytic HL60 cells generated appreciable amount
of hexanaldehyde into the head space [10]. In addition, elevated
hexanaldehyde has been detected in whole blood from lung cancer
patients compared to the healthy controls [18] Intriguingly, the current
study suggests that both primary neutrophils and PBMCs appear to
metabolize hexanaldehyde (Figure 3). The cellular mechanisms of
hexanaldehyde metabolism by human primary neutrophils and/or
PBMCs require further investigation.

Our study demonstrated that ethylene sulfide was consumed in
the presence of neutrophils in culture. Ethylene sulfide has not been
reported in the exhaled human breath. Our observation may suggest
that human neutrophils may be able to metabolize ethylene sulfide.

Several hydrocarbons of interest in exhaled breath research, such as
acetone, ethane, and n-pentane were not generated nor consumed by
the neutrophils and PBMCs. They were seen in the samples containing
neutrophils, PBMCs, and media. However, the concentrations from
cell culture flasks in which the neutrophils and PBMCs were grown
were not significantly different from the headspace obtained from the
media only. Figure 4 illustrates this point with acetone (ethane and
n-pentane data not shown). These hydrocarbons have been detected
in the exhaled human breath [19-25], and have been proposed as a
means of assessing in vivo lipid peroxidation. Specifically, higher levels
of exhaled acetone were observed in association with diabetes [22].
Additionally, increases in ethane concentration was observed from rat
hepatocytes in the presence of oxidants [26]. The results of the current

study suggest that healthy human immune cells either are not the
cellular sources responsible for these gases or are under a minimal level
of oxidative stress and are therefore not producing these gases under
the conditions of these experiments.

Several observed VOC:s, initially presenting promise as immune
cell type-specific gases, turned out to be carry-over contaminants,
i.e. methylcyclopentane, 3-methylpentane, n-hexane, and 2-methyl-
2-butene (see Figure 5, 2-methy-2-butene not shown). Although the
observed methylcyclopentane was most likely associated with plastic
EDTA vacutainers, it is interesting that methylcyclopentane has been
detected in headspace of lung cancer cell line (NCI-H2087), ~0.1 ppb/1
X10° cells (8). Styrene was previously identified as a contaminant
emanating from the plastic culture ware, and was excluded [10]

Conclusion

The current study demonstrates that different types of human
leukocytes produce specific VOCs. The analysis of VOCs from
leukocyte cells in culture may enhance our understanding of exhaled
breath gases by providing the cellular source and mechanism of VOCs
release. These data also provide the beginning of an inventory of VOCs
associated with leukocytes from healthy people-the necessary first step
from which an exploration of aberrant cells can follow. In particular,
further investigations into the gas signatures of the PBMC subtypes
(e.g.monocytes and lymphocytes) will be required as will a better
understanding of how typical immune cell responses (e.g., activation)
alters the gas signature of these dynamic cells.
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