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Abstract

Multiple scientific disciplines require the isolation of specific subsets of blood cells from patient
samples for gene expression analysis by microarray or RNA-sequencing, preserving disease- or
treatment-related signatures. However, little is known with respect to the impact of different cell
isolation methods on gene expression and the effects of positive selection, negative selection and
fluorescence activated cell sorting (FACS) have not previously been assessed in parallel. To
address this knowledge gap, CD4+ T cells, CD8+ T cells, B cells and monocytes were isolated
from blood samples from 5 independent donors using positive immunomagnetic selection,
negative immunomagnetic selection and FACS. We hypothesized that positive selection and
FACS would yield higher purity but may have an impact on gene expression since both methods
utilize antibodies that bind surface receptors of the cell type of interest. Moreover, FACS might
upregulate stress response genes due to passage of the cells through the sorter. Microarray gene
expression data was generated and subjected to unsupervised clustering and differential gene
expression analysis. Surprisingly, these analyses revealed that gene expression signatures were
more similar between cells isolated by negative selection and FACS compared to cells isolated by
positive selection. Moreover, genes that are involved in the response to stress generally had the
highest expression in cells isolated by negative or positive selection and not FACS. Thus, FACS is
the recommended method for isolation of leukocyte subsets for gene expression studies since this
method results in the purest subset populations and does not appear to induce a stress response.
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INTRODUCTION

With the advance of microarray and sequencing technologies, multiple disciplines profile
gene expression in the entire transcriptome of patient samples in order to investigate the
mechanism of disease pathogenesis (1-3). Ideally, cells from patients should undergo
minimal handling prior to analysis to preserve gene expression signatures pertinent to a
disease or a therapeutic intervention and not to incur gene expression perturbations related to
cell isolation. Thus, peripheral blood mononuclear cells (PBMCs) have been used in many
studies aimed to build diagnostic or prognostic classifiers, due to the relative ease of
sampling (4,5). However, PBMCs are not suitable for specific pathogenesis analyses (5).
Studying diseases that affect cells in the blood compartment (e.g., viral infections,
autoimmune diseases and stress) by PBMC gene expression profiling poses problems
associated with the signal of gene expression being derived from a mixture of different
blood cell types (6,7). For example, HIV primarily infects CD4+ T cells and it would be
desirable to profile gene expression in this subset as opposed to PBMCs when investigating
viral-induced pathogenesis. Furthermore, although monocytes may also be infected by HIV
(8-10), the course of infection may be quite different compared to CD4+ T cells (11), and
combined analysis of CD4+ T cells and monocytes in the PBMC compartment may obscure
important distinctions between these two cell subsets. Isolation of cell subsets is also highly
desirable when proportion of a particular cell subset is changed due to the disease, and thus
gene expression signature would reflect mainly cell composition. For example, in systemic
lupus erythematosus PBMCs contain elevated numbers of immature granulocytes, and a
previous gene expression profiling study simply reflected the increased amount of these
cells in patient samples compared to controls (12). Moreover, studies of disease
pathogenesis often need to isolate individual cell types from a limited amount of blood, and
therefore it is relevant to optimize the generation of high-quality gene expression data for
these samples.

One potential problem posed by isolation of individual cell types is the effect of isolation
method on gene expression. Two commonly used methods for cell isolation are positive and
negative selection, which differ greatly in terms of the approach used to isolate the target
cell type. Positive selection utilizes cell receptor antibodies to target the specific cell type of
interest and may potentially turn on activation cascades through these receptors (13-16) or
cause receptor blockade and inhibit the downstream functions of the isolated cells (17,18).
Negative selection methods were developed to avoid these issues by using antibody
cocktails to remove non-target cells, which may result in target cell enrichment rather than
purification. To address the impact of positive and negative selection on gene expression,
Lyons and colleagues (19) previously analyzed gene expression in leukocyte subsets (i.e.,
CDA4+ T cells, CD8+ T cells and CD14+ monocytes) that were isolated by these two
approaches. Magnetic cell sorting with Miltenyi microbeads (20) was used for positive and
negative selection, and they concluded that gene expression differences between the two
methods for the same cell subset was the result of differences in sample purity. Specifically,
they found that CD4+, CD8+ T cells and CD14+ monocytes were contaminated with other
cells after negative, not positive selection, and that genes that were identified as
differentially expressed reflected this contamination.
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Fluorescence activated cell sorting (FACS) (21) is an additional method of cell subset
isolation which results in high cell purity and facilitates the isolation of multiple cell types in
a single run (22). However, it is currently unknown whether the stresses associated with
passing cells through the flow cytometer result in changes in gene expression. Moreover,
FACS uses antibodies to stain cells for detection during sorting, thus the same concerns with
respect to activation cascades or receptor inhibition may be relevant as discussed above for
positive selection. Therefore, the aim of the current study was to assess the effects of FACS,
positive selection and negative selection on gene expression when isolating four different
cell subsets (i.e., CD4+ and CD8+ T cells, B cells and monocytes) from a total of 5 donor
samples. We focused on immediate rather than long-term effects of cell isolation on gene
expression to mimic the scenario when gene expression signatures from patients with a
disease or under therapeutic treatment are of interest where the time of cell handling needs
to be minimized. Furthermore, since the majority of sample repositories consist of viably
cryopreserved PBMCs, the effect of these isolation methods on gene expression was
evaluated using previously frozen cells rather than cells isolated from fresh blood.

MATERIALS AND METHODS

Sample collection

Blood samples from 5 healthy male donors (a mean age of 25) were collected by
venipuncture following protocols approved by the Human Research Protections Program at
the University of California San Diego. PBMCs were isolated using Ficoll-Hypaque
(Histopaque-1077, Sigma Chemical Company, St. Louis, MO) and stored in 10x10° cell
aliquots in liquid nitrogen until use. Please refer to the Supplemental Methods for details on
PBMC purification, cryopreservation and thawing procedures.

Immunomagnetic positive and negative selection of leukocyte subsets

For positive selection, an aliquot of 10x10° frozen PBMCs was used for sequential
isolations of B cells followed by CD8+ T cells and another 10x108 frozen PBMC aliquot
was used for sequential isolation of monocytes followed by CD4+ T cells. All isolations
were performed using the following kits from StemCell Technologies, Inc. (Vancouver,
Canada): human CD19 positive selection kit (B cells), human CD8 positive selection kit
(CD8+ T cells), human CD33 positive selection kit (monocytes), human CD4 positive
selection kit (CD4+ T cells) according to manufacturer's instructions. For negative selection,
independent aliquots of 10x10° frozen PBMCs were used to isolate CD4+ and CD8+ T
cells, B cells and monocytes. EasySep enrichment kits (human CD4+ T cell enrichment kit,
human CD8+ T cell enrichment kit, human B cell enrichment kit, human monocyte
enrichment kit) from StemCell Technologies, Inc. (Vancouver, Canada) were used
according to manufacturer's instructions. Purity was assessed for all cells isolated by
positive and negative selection. The following antibodies from BD Biosciences, Inc. (San
Diego, CA) were used: CD4-FITC (Multiclone Leu3a+3b), CD14-PE (MoP9), CD8-PE-Cy7
(SK1), CD19-APC (HIB19), CD3-PerCP-Cy5.5 (SK7). For further isolation and purity
assessment details, please refer to the Supplemental Methods. Cell suspensions were
immediately centrifuged and pellets were resuspended in RLT buffer from RNeasy Mini kit
(Qiagen, Inc., Valencia, CA) supplemented with 3-mercaptoethanol and stored at —80°C
until RNA extraction.

Fluorescence activated cell sorting of leukocyte subsets

An aliquot of 10x10 frozen PBMCs was used to isolate CD4+ and CD8+ T cells, B cells
and monocytes using CD4-FITC (Multiclone Leu3a+3b), CD8-PE-Cy7 (SK1), CD19-APC
(H1B19) and CD33-PE (P67.6) antibodies, respectively, and the CD45-APC-H7 (2D1)
antibody was used to discriminate PBMCs. All antibodies were supplied by BD Biosciences,
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Inc. (San Diego, CA) and used at the minimal saturating concentration, determined by
titration prior to the experiment. PBMCs were stained with the antibody combination for 20
minutes at room temperature, washed twice, and resuspended in PBS supplemented with 1%
FCS. Leukocytes subsets were sorted on a MoFlo cell-sorter (Beckman Coulter Instruments,
Brea, CA) and kept at 4°C throughout sorting. Live PBMCs were gated based on forward
versus scatter profiles, followed by CD45* based gating for leukocyte identification.
Monocytes were identified and selected based on their double positivity for CD45 and
CD33. The CD33 negative population was subdivided by CD8/CD4 expression and used for
the identification of CD4+ (CD4*CD8") and CD8+ (CD4-CD8*) T cells; double negative
cells (CD4-CD8") were further selected by CD19 positivity for the isolation of B cells (Fig.
S1). Purity was determined for subsets isolated by FACS for CD4+ and CD8+ T cells and
one sample of B cells. The remaining B cell samples and monocyte samples were not
assessed for purity due to low yields. Sorted cells were immediately centrifuged and pellets
were resuspended in RLT buffer from RNeasy Mini kit (Qiagen Inc., Valencia, CA),
supplemented with f-mercaptoethanol, and stored at —80°C until RNA extraction.

RNA extraction and hybridization to microarrays

RNA was extracted using Qiagen RNeasy micro kit (Qiagen Inc., Valencia, CA)according to
manufacturer's instructions. RNA concentration was determined using a NanoDrop 1000
(Thermo Fisher Scientific, Wilmington, DE). Out of the 60 samples (5 donors, 3 isolation
methods, and 4 cell types) sufficient RNA yield for microarray analysis was obtained for 50
samples. RNA quality was spot checked in the majority of samples (74%) by measuring
RNA integrity number (RIN) using Agilent 2100 Bioanalyzer (Agilent Technologies Inc.,
Santa Clara, CA). RINs were all above 6.0 (average 7.94, standard deviation +1.35), and
deemed of sufficient quality for microarray analysis. cRNA preparations and hybridizations
to Illumina (San Diego, CA) HT12 version 4 beadchips (47,324 probes) were performed by
Expression Analysis, Inc. (Durham, NC). One hundred nanograms of total RNA was used as
starting material for all cell types except B cells, for which 50 ng was used. Gene expression
data are available at the Gene Expression Omnibus (http://www.nchi.nlm.nih.gov/geo/)
under accession number GSE50008.

Microarray data analysis

Microarray data quality was assessed using MA-plots in the affyPLM package (23),
implemented in the R statistical computing environment version 2.8.0, followed by
construction of median vs interquartile range (IQR) plots to identify outlier arrays (defined
as falling outside of two standard deviations by median and/or IQR). The lumi package (24)
in Bioconductor was used to transform (i.e., variance-stabilizing) and normalize (i.e., robust-
spline) the data and the genefilter package (25) was used to filter genes based on an IQR cut-
off of 0.7.

To assess the similarities between samples based on gene expression, two unsupervised
approaches in R version 2.14.0 were used: bootstrapped clustergrams using the pvclust
package (26) and principal component analysis (PCA) implemented in the
ClassDiscoverypackage in OOMPA (http://bioinformatics.mdanderson.org/Software/
OOMPA/Current/oompa-cd.pdf). For these analyses, expression data was normalized using
z-score normalization. The approximately unbiased p-value calculated by pvclust was used
to determine the significance of sample clustering such that a percentage of 95%
corresponds to p<0.05). For further details about statistics that are used by pvclust and PCA
please refer to Supplemental Methods.

To identify differentially expressed genes (DEGSs) between the 3 isolation methods for
CDA4+ and CD8+ T cell subsets, a repeated measures (RM) ANOVA was implemented with
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a post hoc Tukey test using R. Correction for the false discovery rate (FDR) associated with
multiple testing was performed using Benjamini-Hochberg method (27). The RM ANOVA
code implemented in R is available in the Supplemental Methods. Genes with FDR-
corrected p-values <0.05 were considered significant. Venn diagrams were constructed
using Venny (http://bioinfogp.cnb.csic.es/tools/venny/index.html). Since samples from only
two groups (isolated by positive and negative selection and not by FACS) were available for
B cells and monocytes, DEGs were identified using univariate paired t-test with FDR
correction implemented in BRB-Array Tools (28), rather than using a RM ANOVA.

Gene ontology (GO) terms related to biological processes that were significantly over-
represented for differentially expressed genes were identified using the Biological Networks
Gene Ontology (BiNGO) plugin version 2.42 in Cytoscape version 2.7.0 (29). GO terms
with p-values <0.05 derived from a hypergeometric test and subsequent FDR-correction
were considered significant. The list of all the probes present on the Illumina HT12 v4
platform was selected as background when performing hypergeometric tests to identify
significant GO terms.

Validation of gene expression by droplet digital PCR (ddPCR)

Absolute quantification of target RNA molecules was facilitated by ddPCR using the
QX100 system (Bio-Rad, Hercules, CA), which requires only 5 ng or less total RNA per
reaction. TagMan Gene Expression Assays (Applied Biosystems [ABI], Foster City) were
used to confirm microarray results for the following targets: the spleen focus forming virus
proviral integration oncogene (SPI11, Hs00231368_m1), the CD14 molecule (CD14,
Hs02621496 _s1), and the serum deprivation response (SDPR, Hs00190538_m1) gene. The
TagMan Gene Expression Assay (Hs03044961_g1) for the ribosomal protein L27 (RPL27)
gene was selected for a normalizer (30). The data was expressed as copies of target mMRNA
molecules per million copies of RPL27 mRNA molecules and then log, transformed. RM
ANOVAs with post hoc Tukey tests were performed to compare expression of SPI1 and
CD14 in CD4+ T cells and monocytes isolated by positive and negative selection, and to
compare expression of SDPR between all three isolation methods in monocytes. Genes
differentially expressed with Tukey corrected p-values <0.05 were considered significant.
For further details on ddPCR procedure please refer to Supplemental Methods.

RESULTS

The effect of isolation method on target cell yield and purity

CD4+ and CD8+ T cells, B cells and monocytes were isolated from the PBMC samples
taken from 5 donors using 3 different isolation methods: immunomagnetic positive or
negative selection, or FACS (N = 60 samples). Positive and negative immunomagnetic
selection resulted in similar yields of each cell subtype, with CD4+ and CD8+ T cells having
the highest yields and B cells the lowest (Fig. S2). FACS resulted in lower yields for all the
cell types, particularly monocytes. In the majority of cases, percentages of all contaminating
cell subsets were significantly higher in the positively isolated samples compared to samples
isolated by negative selection or FACS, with FACS having the least contamination (Fig. 1
and Table S1). Monocytes were the exception having similar contamination with each cell
subset for positive and negative selection. All samples isolated by negative selection had
low levels of contamination with CD4+ T cells, CD8+ T cells and B cells compared to
positive selection, but had higher level of contamination with unidentified cells denoted as
“other” which was significant for CD8+ T and B cells (Table S1). Cell viability after
isolation was not significantly different between the methods for each cell type as
determined by a non-parametric paired t-test (data not shown).
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Clustering approaches reveal that isolation methods influence gene expression

Unsupervised clustering was employed in order to elucidate whether gene expression was
affected by contaminating cell subsets or by isolation method. If isolation method did not
affect gene expression, then cells of a given cell type (e.g., CD4+ T cells) isolated from a
particular donor (e.g., Donor 1) should cluster together regardless of isolation method.
Following examination of RNA yields and quality control of microarray data the original 60
sample design was reduced to 50 samples as indicated in Table 1. For initial analyses, 5,843
genes were used that resulted from filtering the genes based on their IQR being >0.7.
Unsupervised clustering of samples clearly demonstrated that samples clustered primarily by
cell type but then by isolation method and not by donor. The only exception was the
clustering together of CD4+ T cell samples isolated by negative selection and FACS for
Donor 2 (Fig. 2). The four major clusters associated with cell type were all significant as
assessed by AU p-values (95% corresponding to p<0.05). Subclusters associated with
isolation method were significant for all cell types except for CD8+ T cells where samples
isolated by negative selection and FACS generally could not be discriminated from each
other (formed one major cluster), and one sample isolated by negative selection from Donor
4 clustered with cells isolated by positive selection (Fig. 2).

Results from PCA corroborated those from unsupervised clustering. Approximately 70% of
the variation in gene expression was derived from the first two principal components (data
not shown), associated primarily with cell type (principal component 1) and then secondarily
with isolation method (principal component 2). As expected, all the T lymphocyte samples
clustered close to each other and further away from cells of other lineages (i.e., B cells and
monocytes) (Fig 3). Of particular note, CD4+ T cells isolated by positive selection
gravitated towards the monocyte cluster along principal component 1 (Fig. 3) consistent
with results from purity assessments, which demonstrated that CD4+ T cells isolated by this
method were contaminated with monocytes. B cell samples isolated by different methods
appeared to have the largest spread along principal component 2 compared to the spread
exhibited by samples of other cell types. CD8+ T cell samples and monocytes in particular
formed much tighter clusters within each principal component suggesting that both
contamination and isolation method may affect gene expression to a lesser extent in these
two cell types.

Identification of genes whose expression is affected by isolation method

Genes differentially expressed between the 3 different isolation methods were then
identified for each cell type in turn. Samples from all cell types were then clustered based on
the expression of each set of cell type specific differentially expressed genes. If samples
continued to cluster based on cell type and then isolation method, this would indicate that
the signal for differential gene expression was introduced primarily due to isolation method.
In contrast, if cells of a specific type isolated by one of three methods clustered with cells of
another type, then this would reflect contamination. An RM ANOVA or a paired t-test was
used depending on a number of isolation methods compared: RM ANOVASs to compare
positive, negative selection and FACS for CD4+ T cells and CD8+ T cells (Table S2A and
B) and paired t-tests to compare positive and negative selection for B cells and monocytes
(Table S2C and D).

An RM ANOVA identified 2,417 DEGs (41% of the 5,843 genes tested that survived
unsupervised filtering, Table S2A) between isolation methods in the CD4+ T cell subset.
Post hoc Tukey test demonstrated that 2,279 (39%) genes were differentially expressed
between positive selection and FACS, 1,629 genes (28%) between positive and negative
selection and only 17 genes (0.3%) between negative selection and FACS (Fig 4). The
clustergram (Fig. S3A) for genes differentially expressed in CD4+ T cells showed a similar
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pattern of cluster formation as the original clustergram constructed based on the entire initial
gene set (N=5,843). CD4+ T cell samples isolated by positive selection clustered separately
from other T cells in a significant cluster (AU=100% corresponding to p<0.01, Fig S3A).
This result can be explained by monocyte contamination and the fact that enough of the
DEGs identified for CD4+ T cells were monocyte specific genes that forced these samples
to cluster outside of the main T cell cluster. Thus, in the case of CD4+ T cells the observed
differential gene expression is mainly due to cell contamination.

An RM ANOVA identified 164 DEGs (2.8% of all genes tested) between isolation methods
in the CD8+ T cell subset (Table S2B). Post hoc Tukey test demonstrated that 116 genes
(2%) were differentially expressed between positive selection and FACS, 77 genes (1.3%)
between positive and negative selection and 2 genes (0.03%) between negative selection and
FACS (Fig. 4). CD8+ T cell samples isolated by positive selection clustered with monocytes
(Fig. S3B), however, this cluster was not significant (AU=70%), neither was the cluster
separating CD8+ T cells isolated by FACS from other T cells (AU=75%). However, CD8+
and CD4+ T cells isolated by negative selection formed a significant cluster separating them
from other CD4+ T cells (AU=99%). This would suggest that CD8+ T cells isolated by
negative selection may be contaminated with CD4+ T cells, but the purity assessment
indicated that it was not the case (Fig 1). Therefore, the DEGs identified may be the result of
isolation method, in particular, the effect of negative selection. Alternatively, this clustering
pattern may reflect the comparable contamination of CD8+ and CD4+ T cells isolated by
negative selection by cells designated as “other” that introduce similar changes in their gene
expression pattern compared to CD4+ and CD8+ T cells isolated by other methods.

Paired t-tests identified 310 DEGs (5.3% of all genes tested) between negatively and
positively isolated B cells (Table S2C) and 269 DEGs (4.6%) for monocytes (T able S2D).
Clustergrams built based on the expression of DEGs for either B cells or monocytes
revealed that all samples clustered by cell type and then by isolation method (Fig. S3C and
D) indicating that these DEGs are likely the result of the isolation method and not
contamination. In summary, DEGs for each cell type were identified, but it appeared that
only in cases of B cells and monocytes was the signal due to the effect of isolation method
alone, while in case of T cells contamination also caused an effect, which was particularly
robust for CD4+ T cells.

Genes associated with stress have the lowest expression in cells isolated by FACS

GO term analysis was performed to identify functional categories affected by isolation
method for each cell type. Four hundred ninety six significant terms (p<0.05 after FDR)
were identified for CD4+ T cells, two terms for CD8+ T cells, 170 terms for B cells and 58
terms for monocytes (data not shown). The initial hypothesis was that FACS induces the
expression of genes related to stress due to the physical stresses associated with sorting cells.
To test this hypothesis, the GO term “Response to stress” (Accession GO:0006950) was
examined for the significant over-representation of DEGs identified when isolation methods
were compared within each of the 4 cell subsets. This GO term was significantly enriched
for DEGs in case of CD4+ T cells (354 genes, p=3.64E-14), B cells (53 genes, p=1.43E-4)
and monocytes (41 genes, p=7.00E-4), but not in the case of CD8+ T cells. Even though the
subset of DEGs that mapped to this GO term was different for each cell type, the majority of
these stress-related genes had the highest expression in B cells (49 of 53 genes) and
monocytes (34 of 41 genes) isolated by negative selection (Table S3). In contrast, in the
case of CD4+ T cells, the majority of these genes had the highest expression in cells isolated
by positive selection (270 of 354 genes, Table S3). Average gene expression values for B
cells for available donors and a single donor value for monocytes isolated by FACS were
compared with average gene expression values for positive and negative selection (Table
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S3). In all cases, the majority of all the stress related genes had the lowest expression value
for cells isolated by FACS (CD4+ T cells, 286 of 354; B cells, 53 of 53; monocytes, 40 of
41). There was an overlap of 7 DEGs that were associated with stress across all three cell
types (i.e., CD4+ T cells, B cells and monocytes), and the expression of these genes was
generally the highest in cells isolated by negative selection for each cell type (Table $4).

Platelet contamination of monocytes isolated by negative selection

Surprisingly, the GO term “Platelet activation” was also identified as significantly over-
represented (p=2.60E-4) for DEGs identified when comparing positive and negative
selection in the monocyte subset. Therefore, we hypothesized that monocytes isolated by
either positive or negative selection might be contaminated with platelets. The mean
expression of the genes that mapped to the “Platelet activation” GO term was the highest in
monocytes isolated by negative selection compared to monocytes isolated by positive
selection or compared to the values from a single donor tested by FACS. Moreover, a
number of genes predominantly or exclusively expressed by platelets, MPL, SPDR, RSG18
and SEPT5 (31-34), were expressed at higher levels (up to 16-fold) in monocytes isolated by
negative selection. McFarland et al. (35) previously demonstrated that in the low forward
and side scatter area platelets comprise up to 80% of all events that also include dead cells,
debris and red blood cells. Therefore, the percentage of events detected by forward and side
light scatter in monocyte samples isolated by positive and negative selection was evaluated.
There was 70.38 £12.72% of the events detected in this low scatter area for monocytes
isolated by negative selection compared to 7.00£2.9% for monocytes isolated by positive
selection, indicating that negatively isolated monocytes were contaminated with 10 times as
many platelets.

Stress-related genes identified as the result of differences in protocols and platelet
contamination

To better understand why many of the stress-related genes were differentially expressed, we
performed a careful comparison of the isolation protocols. Generally, cells were kept on ice
during all the procedures, but time of incubation with antibodies performed at room
temperature varied. In the case of FACS, cells were exposed to room temperature for a total
of 30 minutes, negative selection - 25 minutes and positive selection - 55 minutes for B cells
and monocytes, and 110 minutes for CD4+ and CD8+ T cells. Thus, different times at room
temperature vsice exposure for each of the isolation procedures could have contributed to
stress response.

To test the hypothesis that different times at room temperature vs ice exposure contributed to
stress response, we analyzed the distribution of DEGs related to stress among Response to
stress child GO terms. Regardless of the cell type, most of the genes were found in the GO
terms Defense Response and Response to wounding (Table S5). These GO terms encompass
genes whose expression is modified by any process that results in a change in state or
activity of a cell (in terms of movement, secretion, enzyme production, gene expression,
etc.) as a result of a stimulus indicating the organism is under an exogenous stress (e.g.
temperature, humidity, ionizing radiation) or associated with a damage to the organism.
Different incubation time on ice and/or the room temperature during the procedure, as well
as different cell-susceptibility to different stimuli, might lead to enrichment of the Defense
Response and Response to wounding terms by DEGs. On the other hand, the GO term
Response to wounding is overrepresented by genes expressed in platelets. Remarkably,
among the 7 genes that overlapped for all three cell types, three genes (SEPT5, PRKCQ and
F13A1) were mapped to GO terms relevant to platelet function in wounding, which is
activated in response to stress (Blood coagulation, intrinsic pathway; Platelet activation;
and Blood coagulation, respectively). Thus, both differences in the cell isolation protocols
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between different methods and contamination with platelets may contribute to the
enrichment of the GO term Response to stress with DEGs.

Validation of gene expression by ddPCR

To validate gene expression by a method independent of microarrays, the following three
genes were selected for ddPCR confirmation: SP11, CD14and SDPR. SPI1 and CD14 are
monocyte-specific genes and were selected to confirm that CD4+ T cells isolated by positive
selection were contaminated with monocytes. Both SPI1 and CD14 were significantly
differentially expressed by ddPCR between positively and negatively selected CD4+ T cells
(SP11, p=3.70E-5; CD14, p=2.60E-8), both having higher expression in positively selected
compared to negatively selected cells (Fig 5 top and middle). In contrast, as expected,
neither gene was differentially expressed between positively and negatively selected
monocytes (SPI1, p=0.25; CD14, p=0.28). Therefore, the pattern of expression of these
monocyte markers initially identified using microarray data was confirmed by ddPCR and
reaffirms that positively selected CD4+ T cells were contaminated with monocytes.
Reassuringly, the expression of these monocyte markers was significantly higher in
monocytes themselves compared to CD4+ T cells contaminated with monocytes (SPI1,
p=7.94E-3; CD14, p=3.84E-6, Fig 5).

DPRis a platelet specific gene (33) and was selected to confirm that negatively selected
monocytes were contaminated with platelets. Since ddPCR requires only a very small
amount of RNA (i.e., 5 ng) compared to microarrays, monocyte samples isolated by FACS
for all five donors could be analyzed. SDPR was expressed at significantly higher levels in
monocytes isolated by negative selection compared to the other two methods (i.e., positive
selection and FACS) (Fig. 5, bottom). In addition, SPDR was expressed at a significantly
higher level in monocytes isolated by positive selection compared to FACS. Therefore, this
ddPCR data confirms that negatively isolated monocytes were contaminated with platelets
but extends the microarray findings by identifying platelet contamination in positively
selected monocytes as well. Although monocyte yields are low with FACS, this method
appears superior when pure populations of monocytes are required.

DISCUSSION

This study aimed to identify the best method to isolate blood cell subtypes when the gene
expression signature reflective of the disease state or therapeutic intervention at time of
sampling is of interest. The performance of three isolation methods (i.e., FACS, and positive
and negative immunomagnetic selection) and their effect on gene expression in four blood
cell types (i.e.,, CD4+, CD8+ T cells, B cells and monocytes) was compared. While positive
and negative selection of CD4+ T cells, CD8+ T cells and monocytes have been compared
previously (19), the effects of FACS on gene expression was not previously investigated.
FACS was of particular interest since this method allows the separation of multiple cell
types from the same sample. While FACS is known to result in high cell purity, we
hypothesized that this method would be similar in gene expression signature to positive
selection because of the use of antibodies to bind cell receptors. Receptor cross-linking
resulted in T cell activation (14-16) and inhibition of interferon-a production by
plasmacytoid dendritic cells in response to viral stimulation (18). Furthermore, it was
hypothesized that genes related to the stress response would be modulated due to the high
pressure exerted on cells during sorting.

Cell purity measurements indicated that FACS resulted in the purest isolation for each cell
type. With respect to the other isolation methods analyzed here, Lyons et al. (19) previously
reported that cells isolated by negative selection were contaminated to a greater extent than
cells isolated by positive selection. Specifically, CD4+ T cells were contaminated with CD3-
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as well as CD3+CD4- cells, monocytes were contaminated with CD14- cells some of which
were CD4+and CD8+ T cells were contaminated with CD3- as well as CD3+CD8- cells.
Inversely, in the current study, positively selected cells of a particular subtype had the
highest contamination when combining percentages of all contaminating cell types (CD4+,
CD8+ T, B cells and monocytes) compared to the same cells isolated by negative selection
(Fig. 1). In case of positive selection each cell subset was contaminated by multiple different
cell types except for monocytes which were contaminated with cells not stained in our
experiment and denoted as “other”. All cell types isolated by negative selection were
contaminated with “other” cells and not as much with cells that were stained in our
experiment (CD4+, CD8+ T, B cells and monocytes). These discrepancies with results
reported by Lyons et al. (19) may be explained by usage of different amounts of cells and
isolation kits that were produced by different manufacturers (Miltenyi Biotec in Lyons et al.
(19) vs StemCell Technologies in this study) and differed in magnetic bead size and
antibody cocktail composition, as well as subtle experiment-to-experiment and donor-to-
donor differences.

Besides contamination with other types of PBMCs, monocyte samples isolated by negative
selection had considerably higher percentages of platelets than monocyte samples isolated
by positive selection. This was best reflected by ddPCR result of the expression of a platelet-
specific gene SDPR which had higher expression in negatively selected compared to
positively selected monocytes (Fig. 5). Similar observations related to greater contamination
of negatively isolated monocytes with platelets compared to positively isolated monocytes
was noted in a recent study by Zhou and colleagues that compared isolation methods of
monocytes and granulocytes for purity and functional assays (36). Additional washes
following isolation of PBMC or cell subsets following incubation with antibodies or the
addition of anti-CD41 antibodies (37) may help remove more platelets with the caveat of
additional cell loss.

To investigate the effects of isolation methods and contaminating cell subsets on gene
expression in isolated cells, a microarray analysis was performed. In comparison to the study
performed by Lyons et al. (19), an attempt was made to segregate the effects of isolation
methods on gene expression from the effects of contamination with other cell subsets. This
was best exemplified by CD8+ T cells and B cells. In case of B cells, based on unsupervised
clustering (Fig. S3A) and PCA (Fig. 3) analyses, the identified DEGs were more likely
reflective of the effect of isolation methods as evidenced by wider spread among B cells
samples along principal component 2 (isolation method, Y axis). CD8+ T cells were affected
by contamination or isolation method the least (samples not widely spread along either
principal component), with the fewest DEGs (N=164) identified (Table S2B). CD4+ T cells
appeared to be more prone to the effect of contamination based on the spread of CD4+ T
cells samples along principal component 1 (cell type, X axis). In addition, the number of
DEGs identified (N=2,417) was an order of magnitude higher compared to the other three
cell types investigated (Fig. S2). In particular, monocyte-specific DEGs (e.g., SPI1 and
CD14) had higher expression values in CD4+ T cells isolated by positive selection
compared to the other two methods, as detected by ddPCR (Fig. 5). The data obtained for
CD4+ T cells suggest that the effect of contamination dominates for this cell type and
obscures the identification of DEGs that are affected by isolation method. In the case of
monocytes, the effects of contamination or isolation method were not obvious based on the
tight cluster of monocyte samples on the PCA plot (Fig. 3). However, DEGs were identified
and a platelets-related GO term was enriched for DEGs. Since platelets have very small
amount of RNA, the remaining DEGs were likely the effect of isolation methods.

One of the primary goals of the current study was to assess the effect of FACS on gene
expression, particularly with respect to genes related to stress response. When DEGSs
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identified between isolation methods for each cell type were mapped to gene ontologies, the
term Response to stress was significantly enriched for DEGs in case of CD4+ T cells, B
cells and monocytes, but not CD8+ T cells. Among the children terms of Response to stress,
Defense Response and Response to wounding contained the majority of genes that mapped
to this term. Identification of these terms may point to response to any of the exogenous
stress such as temperature, which would be the case in our experiment due to varying times
of cell incubation at room temperature vs on ice during the isolation procedure. However,
Response to wounding has children terms that relate to blood coagulation and platelet
activation, platelet contamination may be the reason of its enrichment by DEGs in our
experiment at least in case of monocytes isolated by negative selection. Overall gene
expression signature in CD4+ and CD8+ T cells, for which all three methods were
compared, was similar between FACS and negative selection compared to positive selection
(Fig. 4). In case of positively isolated CD4+ T cells it could be explained by monocyte
contamination while in case of CD8+ T cells it appeared to be cell contamination
independent and was likely due to the effect of isolation method.

Our data suggests based on purity and gene expression results that FACS is the optimal
method for PBMC subset isolation for gene expression profiling studies when blood samples
from patients are used and the gene expression signature inherent to a disease or therapeutic
treatment is desired. FACS allows isolation of multiple cell subsets from the same sample
and exclusion of platelets and dead cells. Our findings suggest the use of FACS has little
impact on cellular transcription and allows capturing gene expression signature directly
relevant to a disease or the effect of a medication. Specifically, none of the stress-related
genes common across cell types (N=7) identified were upregulated in samples isolated by
FACS. Monocytes may represent one exception from this general recommendation since
low yields were obtained by FACS when starting with ten million PBMCs. Starting with
higher cell numbers or using positive selection would provide superior monocyte yields. Our
experiments did not focus on long-term effects of isolation methods on gene expression,
therefore, future studies will be required to determine the optimal isolation method if the
isolated cells are intended for long-term in vitro experiments. In summary, this study
demonstrated that both cell contamination and isolation method affect gene expression when
isolating a number of different cell subsets (CD4+ T cells, CD8+ T cells, B cells and
monocytes) using positive and negative immunomagnetic selection, and FACS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Céll purity
Purities of each cell subset following isolation by positive selection, negative selection or

FACS. Average percentages of each cell subtype (CD4+ T cells, CD8+ T cells, B cells,
Monocytes, and Other) across donors are shown for each isolation method except for B cells
and monocytes isolated by FACS. Only one B-cell sample isolated by FACS was assessed
for purity and the other B-cell as well as the monocyte samples did not yield sufficient
numbers of cells to perform both purity assessments and microarray analysis, so samples
were prioritized for the latter.
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Figure 2. Unsupervised clustering of samples based on gene expression

Unsupervised clustering performed using pvclust package in statistical computing
environment R version 2.14.1 using the entire filtered gene set (N=5,843). Pearson
correlation was used to measure distances between the samples. Ward's minimum variance
method was used for clustering. AU refers to the approximately unbiased p-value. P-values
are indicated as percentages (e.g. 95 corresponds to p<0.05). Donor ID (from 1 to 5),
isolation methods and cell types are indicated. P, N and F denote positive immunomagnetic
selection, negative immunomagnetic selection, and FACS, respectively.
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Figure 3. Principal component analysis

Variation in gene expression summarized along the first two primary components is
depicted. Information for cell type and isolation method was superimposed onto this plot.
Although cell type is the major factor clustering samples along principal component 1, it is
clear that cell isolation method and not donor is the signal for clustering in the 2nd
component. PC1, principal component 1; PC2, principal component 2.
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Figure 4. Differentially expressed genesin CD4+ and CD8+ T cells

Venn diagram of differentially expressed genes (DEGs, false discovery rate <0.05)
identified for CD4+ and CD8+ T cells using an RM ANOVA with a post hoc Tukey test.
Overlaps for the subsets of genes differentially expressed for each of the 3 comparisons
(positive selection vs FACS, positive vs negative selection and negative selection vs FACS).
The data indicates similarities in gene expression signatures in cells isolated by negative
selection and FACS since the number of DEGs between these methods is low for both CD4+
and CD8+ T cells. On the other hand, gene expression signature in cells isolated by positive
selection is different from both negative selection and FACS.
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Figure 5. Gene expression validation by droplet digital PCR

Number of molecules of each target mMRNA was normalized to the number of molecules of
the normalizer mRNA (i.e., RPL27) in the 5 ng of total RNA. The resulting values were then
used to calculate the number of each mRNA per one million molecules of RPL27. The data
was log, transformed and analyzed using a RM ANOVA with post hoc Tukey test.
Expression of SPI11 and CD14 was compared between CD4+ T cells and monocytes isolated
by positive and negative selection. All the between-group comparisons were significant
expect comparing monocytes isolated by positive selection to monocytes isolated by
negative selection. For display purposes, only three p-values are presented. Expression of
SDPR in monocytes was compared between all three isolation methods. Error bars represent
standard deviation of the mean calculated for normalized mRNA expression values for the 5
donors.
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Samples included in the analyses of the microarray data for each cell subset and cell isolation method.

Table 1
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Samples were excluded based on poor RNA yields and outlier microarrays as determined using microarray

data quality control measures.
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