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Abstract

Numerous studies show that mitochondrial energy generation determines the effectiveness
of immune responses. Furthermore, changes in mitochondrial function may regulate lym-
phocyte function in inflammatory diseases like type 2 diabetes. Analysis of lymphocyte mito-
chondrial function has been facilitated by introduction of 96-well format extracellular flux
(XF96) analyzers, but the technology remains imperfect for analysis of human lymphocytes.
Limitations in XF technology include the lack of practical protocols for analysis of archived
human cells, and inadequate data analysis tools that require manual quality checks. Current
analysis tools for XF outcomes are also unable to automatically assess data quality and
delete untenable data from the relatively high number of biological replicates needed to
power complex human cell studies. The objectives of work presented herein are to test the
impact of common cellular manipulations on XF outcomes, and to develop and validate a
new automated tool that objectively analyzes a virtually unlimited number of samples to
quantitate mitochondrial function in immune cells. We present significant improvements on
previous XF analyses of primary human cells that will be absolutely essential to test the pre-
diction that changes in immune cell mitochondrial function and fuel sources support immune
dysfunction in chronic inflammatory diseases like type 2 diabetes.
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Introduction

Immune cells are main sources of the inflammation that supports obesity-associated insulin
resistance and type 2 diabetes (T2D) [1, 2]. Lymphocytes such as T cells and B cells contribute
to obesity-associated inflammation in unhealthy adipose tissue [3-6], but the paucity of lym-
phocytes, and especially B cells, in human adipose tissue remains a challenge that limits func-
tional and mechanistic studies on these cells. Several lines of evidence indicate that blood
lymphocytes are a reasonable surrogate to guide studies aimed at understanding the roles T
cells and B cells play in obesity-associated complications like insulin resistance and T2D [7-
13]. These studies include our recently published T cell cytokine signature, which distinguishes
samples from T2D and body mass index-matched non-T2D subjects, and was developed from
analysis of peripheral blood mononuclear cells [14].

Many recent insights in the field of immunometabolism have focused on roles immune
cells play in obesity-associated inflammation, but parallel development of the more traditional
branch of immunometabolism aimed at understanding the generation of ATP for immune
responses has also accelerated over the past decade [15]. Fuel sources and fuel utilization are
now recognized as key regulators of immune responses that include CD4" T cell and macro-
phage subset skewing, memory T cell formation/maintenance and B cell function [16-22].
These studies include demonstrations that inflammatory T effector subsets such as Th1, Th2,
and Th17 cells, and inflammatory M1 macrophages express high amounts of the glucose trans-
porter GLUT1 upon activation to facilitate uptake of the glucose that disproportionately pro-
vides ATP through anaerobic glycolysis. In contrast, anti-inflammatory, regulatory CD4" T
cells (Tregs) and tissue-remodeling M2 macrophages rely on fatty acid oxidation to drive the
oxidative phosphorylation that these cells require for function [21, 23-29]. The field has not
tested the possibility that shifts in the nutrient milieu that immerses immune cells in obesity/
T2D, alone or in combination with cell-intrinsic changes in fuel utilization, mechanistically
explain the compromised immune function in such subjects leading to impaired wound heal-
ing and pathogen clearance.

Many conceptual advances in the understanding of fuel utilization by immune cells from
non-obese/T2D individuals have been supported by extracellular flux (XF) analysis, which
measures oxygen consumption rate (OCR) and/or lactate production (as measured by extra-
cellular acidification rate/ECAR) as indicators of aerobic glycolysis/oxidative phosphorylation
or anaerobic glycolysis, respectively. Technical details and interpretive value of this approach
have been well described [30, 31]. The advantage of XF analysis is that single wells seeded with
relatively few cells can inform investigators on a variety of measures of mitochondrial function
including basal respiration, ATP production, proton leak, maximal respiration, spare respira-
tory capacity and non-mitochondrial respiration with relatively high throughput. Although
many publications have highlighted XF analysis of primary human T cells [32-36], the variety
of conditions used by investigators to measure mitochondrial function makes comparison
amongst studies challenging. Furthermore, limitations in the analytical software included limits
on the number of samples that can be combined to assess biological variability, and manual
data manipulations and lack of objective quality control steps that could inadvertently introduce
error. These limitations significantly compromise utility of XF, especially given the inherent
variability of human samples. Detailed standardization of XF protocols and more objective, flex-
ible analytical approaches are absolutely essential to test the prediction that changes in fuel
sources in obesity/T2D, coupled with disease-associated changes in immune cell function, com-
bine to mechanistically explain the chronic inflammation, inefficient pathogen clearance and
defects in wound healing that plague people with T2D.
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Materials and methods
Cells

Human samples were obtained following written informed consent under Boston University
Institutional Review Board-approved protocols (H27007; H32371) in accordance with the Dec-
laration of Helsinki. Study design was cross-sectional and automation of the analysis minimized
the possibility of operator-associated bias. T2D and, as a comparative cohort, type 1 diabetes
(T1D) subjects were recruited from the Endocrinology clinic and the Center for Endocrinology,
Diabetes and Nutrition at the Boston University Medical Center (BUSM). Additional T2D and
systemically healthy obese or lean subjects were recruited from the Clinical Research Center
and the BUSM community. Characteristics of subjects are shown in Table 1; none of these
parameters (age, BMI, etc.) were statistically different between T1D and T2D cohorts. All sub-
jects were non-smokers. Fifty milliliters peripheral blood was collected into ACD tubes by
venous puncture. PBMCs or CD4™ T cells were purified by histopaque 1077 followed by nega-
tive selection with CD4" cell-excluding magnetic beads (Miltenyi) for experiments on purified
T cells as we published [10]. B cells were purified by negative selection based on CD19 expres-
sion [37]. Only cell preparations that were >90% pure as re-analyzed by flow cytometry for the
appropriate markers were used in analyses on purified cells.

T cell activation

CD4™" T cells were activated using human T activator «CD3/CD28 Dynabeads unless other-
wise noted. Dynabeads were washed in PBS, pH 7.4 + 0.05% BSA + 1.0 mM EDTA then
retained on a magnet. After removing wash buffer, Dynabeads were resuspended to the origi-
nal volume in cell culture media. Cells were activated with ~2pL Dynabeads per 100k cells for
40 hrs. Following activation, Dynabeads and any lingering bead-associated cells were removed
with a magnet and bead-free cells were analyzed in the XF96 analyzer as described below.
Supernatants were saved for cytokine analysis. Cells were frozen either pre- or post-stimula-
tion at -80°C under controlled cooling conditions in a Mr. Frosty apparatus (Nalgene). For
multi-week storage, cells were moved to -170°C following 1-7 days at -80°C.

Metabolic assays

Cells were used immediately following isolation or after thawing rapidly in a 37°C water bath,
then adhered at the numbers indicated onto wells of a poly-D-lysine coated XF96 plate. OCR

Table 1. Description of subjects.

T1D T2D
Total N 6 11
Age, years [median (range)] 39.5 (19-59) 50 (41-60)
A1c, % [median (range)] 7.7 (6-12.8) 7.9 (6.1-11.9)
A1c, (mmol/mol) [median (range)] 61 (42—-116) 63 (43-107)
BMI, kg m™ [median (range)] 32 (24-37) 35 (29-40)

Random Glucose, mg dL™' [median (range)]
Systolic Blood Pressure, mmHg [median (range)]

168 (123-588)
111.5 (101-158)

151.5 (100.0-266.0)
125 (106-137)

Diastolic Blood Pressure, mmHg [median (range)] 74 (64-93) 78 (65-90)
HDL, mg dL™' [median (range)] 55 (46-71) 44 (40-131)
LDL, mg dL"" [median (range)] 96 (58—190) 81 (48-127)
Females 5 7

Males 1 4

doi:10.1371/journal.pone.0170975.1001
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Fig 1. Schematic of oxygen consumption trace from extracellular flux analysis. Oligomycin, ATP synthase
inhibitor; 1 uM fluoro-carbonyl cyanide phenylhydrazone (FCCP), ionophore which shuttles hydrogen ions;
rotenone and antimycin A, complex | and Ill inhibitor respectively, are added to cells sequentially to assess
mitochondrial respiration.

doi:10.1371/journal.pone.0170975.9001

and ECAR were measured using the mitochondrial stress test procedure in XF media (non-
buffered DMEM containing 10 mM glucose, 4 mM L-glutamine, and 2 mM sodium pyruvate;
note lack of buffer is absolutely required to measure pH drop that indicates ECAR) under
basal conditions and in response to 3.5 uM oligomycin (Calbiochem), 1 uM fluoro-carbonyl
cyanide phenylhydrazone (FCCP) (Enzo) and 14uM rotenone + 14 uM antimycin A (Enzo)
with the XF96 Extracellular Flux Analyzer (Seahorse Bioscience) unless otherwise noted (Fig
1). Details of variations on standard XF protocols are outlined below.

Analysis of metabolic profiles

To complete analysis of metabolic profiles generated by Seahorse, we developed a program
that combined data from multiple plates and replicates to give metabolic profiles and OCR
source calculations, with appropriate error and error propagation. The program is written in

Python with a simple graphical user interface. We provide this tool, which we have named
SeaHORse Explorer (SHORE) free to the community under Gnu General Public License; it
can be downloaded from GitHub at https://github.com/elizabethproctor/Seahorse-Analysis.
The detailed description of program development below is summarized in Table 2.

Program input. SHORE requires one input file, plus two optional parameters detailed
below. The input file consists of the “Rate” tab of Seahorse output exported as an excel (.XLS)
file then saved as a comma-separated values (.CSV) file. We added a column containing cell
numbers to the CSV file to normalize OCR and ECAR in each well. For background wells, the
input was “0”. Blank wells are assumed to be “0”. The program will not run without the input
and cell number (or other designated by the investigator: protein input, etc.) normalization
information. The first optional parameter the user may enter is the number of data measure-
ments recorded during the mitochondrial stress test. We engineered the program to request
the number of measurements; 14- (default) and 12-measurement options are currently imple-
mented. The 14-measurement regime assumes a 5-3-3-3 outline, with five basal measurements
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Table 2. Summary of SeahHORse Explorer (SHORE) program development.

Application Description
|Input File Origin .xIsx derived from Wave assay results file (.asyr)
Normalization fC":II number (100k) manually entered into an additional column in the “rate” tab of the.xlsx
File Format .csv saved from the “rate” tab of modified.xlsx file
Automated Data Cleaning/ | Normalization OCR value divided by the normalization value (e.g. cell number, total protein, number of
|Quality Control mitochondria). Units are dependent on values used for normalization.
Replicate Handling Replicates are pooled for each experimental group and the median value for each OCR

measurement is taken. The median is used because, (1) the distribution of values in
theory is a bell curve, meaning the mean and median are equal, and (2) the median is
resilient to outliers in the very probable case that there are outliers that would drastically
affect the mean.

Negative OCR values Any assay wells with at least one negative OCR value are omitted from analysis for data
integrity. Negative OCR values are not physically possible.

Negative Spare Any wells with a negative spare respiratory capacity are omitted from analysis for data

Respiratory Capacity integrity. Physically, maximal respiration must be greater than or equal to basal
respiration.

Standardization across OCR values across multiple seahorse assays are baselined according to non-

Plates mitochondrial respiration, the least variable metabolic parameter across experimental
groups.

|Parameter Calculations Statistics The standard error of the mean is calculated for each value derived per experimental

group.

Basal Respiration The mean OCR of the last 3 baseline data points minus the median of the 3 OCR data
points after antimycin A and Rotenone addition.

Basal OCR:ECAR The mean OCR of the last 3 baseline data points divided by the mean of the ECAR of the
last 3 baseline data points.

ATP Production The mean OCR of the last 3 baseline data points minus the mean of the 3 OCR data
points after oligomycin addition.

Non-Mitochondiral The median of the 3 OCR data points after antimycin A and Rotenone addition.

Respiration

Proton Leak The mean of the 3 OCR data points after oligomycin addition minus the median of the 3
OCR data points after antimycin A and Rotenone addition.

Maximal Respiration The highest of the 3 OCR values after the addition of FCCP.

Maximal OCR:ECAR The highest of the 3 OCR values after the addition of FCCP divided by the corresponding
ECAR value.

Spare Respiratory Capacity | The highest of the 3 OCR values after the addition of FCCP minus the mean OCR of the
last 3 baseline data points.

|Output Wells Outputfile .txt file containing OCR values and metabolic parameters for individual well/replicates
categorized by experimental group
Group Outputfile .xt file containing OCR values and metabolic parameters + SEM for each experimental
group

doi:10.1371/journal.pone.0170975.t002

taken, three following oligomycin, three following FCCP addition, and three following antimy-
cin A/rotenone addition. The 12-measurement regime assumes a 3-3-3-3 outline, where the
only difference from the 14-measurement regime is that three basal measurements are taken
instead of five. The second optional parameter is an output filename, which will be used as the
root for naming of output files (Program Output, below). If no output filename is indicated,
“log” will be used as the root for naming output files.

Treatment of technical and biological replicates. Wells are grouped based on their entry
by the investigator into the Seahorse software “Group” column to produce a single overall met-
abolic profile and set of metabolic parameter calculations. To account for plate-to-plate varia-
tion and batch effects, replicates within a group were baselined by their non-mitochondrial
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respiration (nMitoR), which was calculated as the median of the last three measurements in
the profile following addition of antimycin A/rotenone (Calculation of Metabolic Parameters,
below). We used the median value instead of the mean to discount skew from potential outliers
without arbitrarily deleting data points. We chose nMitoR to baseline replicates due to its con-
sistency across groups within a single plate. Note the operator can analyze the same data in
two different ways: grouped by technical replicate or grouped by biological replicate, simply by
renaming the wells in the group column.

Data cleaning. Replicates having OCR or ECAR measurement below zero were assumed
to be in error and thus all data from such wells were automatically discarded and therefore
excluded from calculations of metabolic profiles and parameters.

Calculation of measurement curves. After baselining by nMitoR (Treatment of Techni-
cal and Biological Replicates, above), we calculated metabolic profile measurement curves for
each group as the median replicate value for each measurement. Because we expect a normal
distribution of oxygen consumption rates at each measurement, in the case of no outliers or
hardware errors resulting in artificially high or low measurements, the median value is equal
to the mean value.

Calculation of OCR:ECAR ratio. The program calculates the ratio of OCR to ECAR at
basal respiration and maximal respiration only when both values for a given measurement are
above zero. If either value is zero or negative, all data from the well is excluded from calcula-
tions. The corresponding OCR:ECAR ratio from the median OCR well was retained as the
ratio representing the corresponding group and measurement. After the calculation of mea-
surement curves, the OCR:ECAR ratio at basal respiration for each group was reported as the
mean of the ratios from measurements 3-5 (14-measurement regime) or measurements 2 and
3 (12-measurement regime), with appropriate error propagation (Handling and Propagation
of Error, below). The OCR:ECAR ratio at maximal respiration for each group was reported as
the ratio from the measurement with the highest OCR in the set of measurements 9-11
(14-measurement regime) or measurements 7-9 (12-measurement regime), with appropriate
error propagation per below.

Calculation of metabolic parameters. The program uses the median value at each mea-
surement to calculate metabolic parameters for each designated group: basal respiration (BR),
ATP production (ATP), proton leak (PL), nMitoR, maximal respiration (MR), and spare respi-
ratory capacity (SRC) (Fig 1). We also calculated these parameters on a well-by-well basis for
breakdown by technical and/or biological replicates. These parameters are calculated as:

nMitoR = median(M,,, M,;, M,,)

PL = median(M;, M,, M) — nMitoR
BR = mean(M,, M,, M) — nMitoR
ATP = BR — PL

MR = max(M,, M,,, M,;) — nMitoR
SRC = MR — BR

Where M is the set of 14 OCR measurements. For the 12-measurement regime, formulas were
the same with M = M,, ,, with the exception of:

BR = mean(M,, M,) — nMitoR

In the group calculations, error is handled and propagated by standard rules, as discussed
below.
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Handling and propagation of error. Error in the calculation of measurement curves and
metabolic parameters from technical and/or biological replicates was handled according to
standard rules commonly defined as:

Addition/subtraction : €,,, = /(&> + &)
Multiplication/division : &, = v/((g,/a)’ + (&,/b)")

We expect the distribution of replicate OCRs at each measurement to be Gaussian. For this
reason, we calculated the error of each measurement in the group measurement curve as the
standard error:

e=oa/n’

Where o is the standard deviation of replicate OCRs, and 7 is the number of replicates.

For calculation of metabolic parameters (above), errors are propagated by standard rules
per above except for calculations that use the median. Because these medians were taken from
only three operands, the error is represented as the error of the operand chosen, without
propagation.

Program output. The mitochondrial stress test analysis program outputs 2 files, named
wells_log.txt (well-by-well calculations) and groups_log.txt (group calculations). If the optional
file name parameter was used, “log” will be replaced by the text input by the user. Each file con-
tained measurement curves and metabolic calculations, including OCR:ECAR ratios at basal
and maximal respiration. In the group file, error was given for each calculation, as described
above (Handling and Propagation of Error).

IL-6 production

IL-6 production was measured by the DuoSet enzyme-linked immunosorbent assay (ELISA)
kit according to the manufacturer’s instructions (R&D Systems).

Results
Titration of mitochondrial perturbation chemicals

Mitochondria function varies amongst cell types. Therefore, one of the first steps for optimizing
XF analysis is to titrate the automatically injected metabolic perturbation compounds that allow
quantification of mitochondrial function. To optimize analysis of human PBMCs or CD4" T
cells (~700,000 cells per well), we first titrated the ATP synthase inhibitor oligomycin and the
mitochondrial uncoupler FCCP from 0-4 pM, and the complex I/III inhibitors rotenone and
antimycin A, respectively, from 0-14puM using the Seahorse XF Mito Stress Test program per
manufacturer’s protocol. We analyzed the impact of the various perturbation chemicals on oxy-
gen consumption at the initial reading following addition of the perturbation chemical. We
found that OCR, normalized to cell number, was independent of oligomycin concentration for
PBMCs, but minimal at 3.5-4uM for CD4" T cells (Fig 2A). Maximum FCCP response was at
0.5-1.5uM for resting PBMCs and 1-3puM for resting CD4" T cells (Fig 2B). Five-14 pM antimy-
cin A/rotenone added individually equivalently inhibited mitochondrial function (Fig 2C and
2D). Given the titration outcomes, we concluded 3.5uM oligomycin, 1uM FCCP, and 14uM of
antimycin A and rotenone were reasonable for subsequent analyses.

Development of an algorithm to combine data generated by XF analysis

One significant limitation of XF analysis is the inability to objectively normalize and combine
data over the multiple measurement points and multiple plates needed for the moderately
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Fig 2. Optimization of mitochondrial perturbation chemicals including (A) oligomycin, (B) FCCP, (C) antimycin A, and (D) rotenone for measurement
of mitochondrial function in human immune cells. Data is represented as the % of the basal OCR after addition of the indicated drug. N = 3. For all figures,
values in the same panel with the same letter are statistically indistinguishable, values with different letters are statistically different as analyzed by 1-way
ANOVA.

doi:10.1371/journal.pone.0170975.g002

sized studies that are required to establish cause/effect relationships between cytokine profiles
[14] and human immune cell metabolism, especially in comparisons of samples from healthy
and variously unhealthy subjects as required for T2D studies. A recent improvement in the
Mito Stress Test Generator (an excel macro provided by Seahorse) added normalization over
multiple plates to the previous version, but cannot analyze files with a custom run cycle, and
still requires manual analysis as a quality control step. We therefore developed an algorithm in
Python, SHORE, as described in the Methods section that automatically implements the fol-
lowing features over a virtually unlimited number of plates: normalization based on non-mito-
chondrial respiration to account for plate-to-plate variation, unlimited quantification of the
OCR:ECAR ratio to detect shifts in fuel utilization, and use of replicate measurements to estab-
lish median as the value for each sample. Importantly, this approach captures information lost
by normalized based on basal OCR [31]. Use of median appropriately eliminates impact of
outlier points, samples from subjects with atypical responses due to unknown causes (subclini-
cal infections, etc.), and points/outcomes that violate the laws of physics (for example, negative
OCR). The features of SHORE and the conceptual advances for automated data cleaning and
quality control are summarized in Table 2. SHORE significantly streamlined data analysis for
further assay optimization described below.

Titration of immune cell numbers

One of the chronic limitations of biochemical analysis of human cells is that a limited number
of cells can be harvested due to tissue volume concerns and/or safety considerations of the sub-
jects, especially those with medical conditions or donating blood immediately prior to surgery.
This limitation exacerbates the inherent variability in oxygen sensors, the need to perform XF
in 3 or more technical replicates, and the multiplicity of samples generated by various stimula-
tion conditions on cells from the number of individual subjects required for highly powered
analyses. To identify the cell numbers needed to generate meaningful data, we plated up to
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700,000 freshly isolated resting or stimulated PBMCs or purified CD4" T cells from lean/
healthy subjects in poly-D-lysine coated replicate wells of an XF96 plate, spun cells down to
maximize adherence, and confirmed uniform distribution in the well. Note imaging attempts
to quantitatively confirm cells were equivalently coating the wells were not useful, likely due to
interference of plate materials. We immediately analyzed the immobilized cells using the XF
program. Fig 3A shows measurable OCR in analysis of as few as 300,000 resting cells (top and
third panels); preliminary studies with fewer resting cells yielded inconsistent profiles (not
shown). Anti-CD3/CD28 stimulation increased OCR in both PBMCs and CD4" T cells as
expected, with reliable readings generated by as few as 100,000 cells per well (Fig 3A, second
and bottom panels). Regression analyses showed a strikingly linear relationship between cell
number and either maximal respiration (OCR; Fig 3B) or the maximal:basal OCR ratio (Fig
3C) for all conditions, indicating that analysis of as few as 300,000 resting or 100,000 stimu-
lated cells validly measured mitochondrial respiration of PBMCs or human CD4" T cells, and
that the resolution of maximal from basal respiration is independent of cell number above
these minimums.

Technical considerations for cell preparation

To optimize T cell stimulation conditions prior to XF analysis, we compared OCRs generated
by traditional means of T cell stimulation (plate-bound o.CD3 plus soluble oCD28) to more
recently developed bead-bound T cell stimulation (see Methods), using cells from lean healthy
subjects. Fig 4A shows that bead-bound T cell stimulation activated T cell oxygen consump-
tion to a higher degree than the more traditional stimulation protocol. Bead stimulation was
therefore used for all analyses herein. To further optimize the short-term cell storage that must
occur while plates are being prepared, we compared results from stimulated cells that were
washed then stored on ice (30-60 minutes) or instead rested at room temperature (~18°C)
post-wash, prior to analysis of post-stimulation function. Fig 4B shows that stimulated PBMCs
rested on ice or at room temperature similarly responded to mitochondrial perturbations
based on OCR production. We conclude that bead-bound stimuli activate a more robust mito-
chondrial response, but short-term storage conditions following aCD3/CD28 stimulation are
not critical for reproducible OCR analysis.

Given the challenges of recruiting human subjects to provide samples and the inevitable
donor heterogeneity, and to minimize technical variation, many immunological studies freeze
independent samples prior to parallel analyses. To test the impact of this logistically advanta-
geous practice, we compared mitochondrial function in CD4" T cells that were frozen, thawed,
then subjected to XF analysis at 40 hrs of activation (Fig 4C, frozen — activated), to cells that
were activated for 40 hrs, frozen, then thawed and immediately plated for XF analysis (Fig 4C,
activated — frozen). OCR profiles of frozen — activated T cells more closely recapitulated
published murine and human T cell profiles, and were also more similar to fresh PBMC OCR
profiles than activated — frozen samples (compare Fig 4C to Figs 3A and 4D). To further test
the impact of longer-term archiving on immune cell metabolic analysis, we froze resting cells
from 1-180 days and compared OCR profiles to fresh cells. Fig 4D shows average profile from
fresh PBMCs (left panel), which contrasts with the highly variable profile generated by PBMCs
frozen for 6 months (right panel). Analyses of intermediate amounts of time frozen prior to
activation/XF analysis are shown for PBMCs in Fig 4E. For technical reasons, paired samples
for each time point were not available, thus findings are graphed as the mean of each group
centered around zero, i.e. “mean centered basal respiration” measured prior to addition of oli-
gomycin in this graph. We conclude that controlled freezing followed by rapid thaw after 6-8
wks at -170°C insignificantly impacts mitochondrial function, but that longer storage
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doi:10.1371/journal.pone.0170975.g003
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doi:10.1371/journal.pone.0170975.g004

measurably affects precision of OCR determination. Notably, our freezing media (90% fetal
calf serum/10% DMSO) maintained basal mitochondrial function somewhat longer than pre-
viously published conditions (50% RPMI, 40% autologous serum, 10% DMSO), despite use of
controlled cooling in both studies [38].

T cell metabolism increases over time

Our standard 40 hr stimulation protocol was based on our historical interest in IL-17A, which
is first detectable 32 hrs after tCD3/CD28 stimulation, and robustly produced 40 hrs post-
stimulation (data not shown and Ref. [10]). To focus specifically on T cells rather than
PBMC:s, and to determine whether T cell mitochondria continually increase aerobic and/or
anaerobic respiration in the time leading up to significant cytokine production, we measured
OCR and ECAR by T cells stimulated from 0-40 hrs. Fig 5A & 5B show both aerobic (OCR)
and anaerobic (ECAR) respiration increase non-linearly over time, with basal OCR highest at
40 hrs, and ECAR maximal at 32 hrs. Closer inspection showed basal OCR transiently pla-
teaued at 10-24 hrs (Fig 5C), the time during which T cells are preparing for the first post-
stimulation division [35, 39]. CO, is an unlikely contributor to the pH drop measured by
ECAR, as indicated by lack of ECAR drop in response to Antimycin A/rotenone [31]. In con-
trast, maximal oxygen consumption increases in a potentially cyclical pattern (Fig 5D). SRC
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doi:10.1371/journal.pone.0170975.9005

remains high up to 16 hrs post-stimulation then drops (Fig 5E), suggesting that pre-division T

cells initially increase oxygen consumption while maintaining SRC until the first cell division.

At later time points (i.e. after the first cell division) more oxygen is apparently being actively

consumed rather than being held in reserve for maximal respiration. Analysis of the OCR:

ECAR ratio at basal or maximal respiration (Fig 5F, black or white, respectively) showed unsti-

mulated human CD4" T cells were predominantly fueled by oxidative phosphorylation, but

significantly decreased oxygen consumption and/or increased lactate production at all time

points post-stimulation. This shift to aerobic glycolysis is consistent with single time-point
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results from previous rodent and human T cell studies [32, 40]. Basal OCR reached a nadir by
10 hrs post-stimulation, and maximal OCR was lowest at 24-32 hrs post-stimulation. Both
basal and maximal OCR may begin to cycle back up at 40 hrs post-stimulation, although a lon-
ger time course would provide clarity on this possibility. Production of IL-6, a representative
functional outcome of CD4" T cell stimulation, increased logarithmically over time, despite
the complex pattern of changes in OCR, ECAR or the OCR:ECAR ratio (Fig 5G). We conclude
T cell respiration dynamically changes over time, yet fuels a consistent increase in IL-6 accu-
mulation over the same time period.

Analysis of mitochondrial function in diabetes

To pilot the utility of optimized conditions for XF analysis of human PBMCs, we first com-
pared OCR profiles from resting cells provided by T1D and T2D subjects detailed in Table 1.
We generated OCR curves for data from each biological replicate with SHORE (Fig 6A), then
used these curves to calculate area under the curve in Prism. This approach showed that rest-
ing PBMCs from T2D subjects consumed more oxygen overall (Fig 6B) although ECAR was
indistinguishable (data not shown). More detailed analysis of OCR in PBMCs responding to
specific mitochondrial perturbations as quantified by SHORE showed that no single parameter
differed despite low variation among biological replicate samples and N = 6-11 (Fig 6C). The
OCR:ECAR ratio at either basal or maximal respiration was similar in PBMCs from both
groups of subjects (Fig 6D). We conclude basal and maximal oxidative phosphorylation is
overall similar in resting immune cells from T1D and T2D subjects.
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Fig 6. Mitochonderial respiration in PBMCs from T1D and T2D subjects. (A) OCR Mito Stress test Seahorse
profiles and area under the curve analysis (B) for resting PBMCs from subjects with T2D (N=11) or T1D (N = 6).
(C) Metabolic parameters and (D) OCR:ECAR at basal and maximal respiration derived using the Seahorse
analysis program. Unpaired two-tailed student’s ttest for T2D vs T1D.

doi:10.1371/journal.pone.0170975.9006
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Comparison of mitochondrial function by resting human T cells and B cells

Given that B cells are extremely limited in human blood (about 10% as plentiful as T cells),
and concentrated sources of B cells such as leukopacks have quality inconsistencies (data not
shown), we tested the possibility that conditions optimized for T cells might suffice for prelimi-
nary analysis of circulating B cells. OCR profiles for resting T cells and B cells analyzed under
the same conditions (numbers, perturbation chemicals etc.) showed both types of lymphocytes
from the same set of lean individuals consume oxygen similarly (Fig 7A). In contrast, overall
ECAR and AECAR, the latter in response to oligomycin, was higher in B cells compared to T
cells, with the more robust response to oligomycin indicating that B cells more readily switch
to anaerobic glycolysis following blockade of ATP synthase compared to T cells (Fig 7B-7D).
Although OCR after each perturbation was indistinguishable between T cells and B cells (Fig
7E), the OCR:ECAR ratio was lower in B cells compared to T cells under both basal and maxi-
mal respiration conditions (Fig 7F), consistent with previously published results from a com-
parison of murine T and B cells [16, 41]. Overall, the data demonstrate the practicality of using
conditions optimized for a plentiful cell type as a starting point for unbiased analyses of a
closely related cell type that is available in limited numbers.

Discussion

We have developed a reproducible method for XF96 analysis of human PBMCs and CD4" T
cells. Perhaps most importantly, we have published a free downloadable XF analysis tool,
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Fig 7. Mitochondrial respiration in T and B cells from healthy lean donors. (A) OCR and (B) ECAR Mito Stress test Seahorse profiles for resting T and B
cells from the same healthy individuals (N = 3). (C) Change in ECAR after addition of oligomycin. Data is the average of measurements 6—8 from panel B minus
measurements 3-5. (D) Area under the curve analysis of ECAR profile. (E) Metabolic parameters and (F) OCR:ECAR at basal and maximal respiration using
SHORE. Differences in panels C-F are determined by paired two-tailed student’s ttest.

doi:10.1371/journal.pone.0170975.g007
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SHORE, which has automated quality control and can handle data from an unrestricted num-
ber of samples exclusive of operator bias. SHORE is a critical advance for analysis of outcomes
from the large number of samples required to make strong conclusions given the known vari-
ability of human samples, and the importance of analyzing outcomes from multiple treatments
in parallel. We also generated preliminary evidence that our systematic approaches will facili-
tate analysis of both PBMCs, which are relatively plentiful, and lymphocytes, which can be
available in relatively low numbers. The ability to ascertain detailed outcomes from a relatively
limited number of cells is an important advance given that the Seahorse platform has only
been somewhat miniaturized since the original design for cell line usage. Our work builds on
earlier detailed descriptions of Seahorse protocols and the commercially available Wave and
Mito Stress Test Generator programs [31, 42] that although initially useful, needed to be modi-
fied to more fully exploit the technology.

The cell number requirements and mitochondrial perturbation concentrations determined
herein are consistent with published work that showed XF analysis requires 75,000-600,000/
well of freshly isolated human peripheral blood cells to measure oxygen consumption profiles
[42-44], with similar numbers analyzed in experiments on activated immune cells [32, 35, 42,
43]. Given the sensitivity of oxygen sensors, it is often necessary to run >3 replicate wells to
generate meaningful data. Taken together, the number of cells and technical replicates needed
for XF significantly increases the analytical burden of combining data from technical replicate
wells over the multiple plates required for biological replicates, or due to the practicalities of
run timing. Our cell number titration and linearity of response over multiple numbers of cells
confirms the need for relatively large numbers of cells/well, and the need for fewer cells follow-
ing metabolic activation with standard stimuli. Analysis of impacts of T cell activation methods
and cellular storage conditions over the short-term (on ice versus room temperature) or long-
term (-170°C) solve some of the previously identified practical problems with human PBMC
analysis [44]. The studies on time course of metabolic action showed unexpected non-linear
patterns of oxygen consumption after stimulation of our mixed naive/memory CD4" T cell
population. The potentially cyclical nature of maximal respiration and SRC strikingly differed
from the logarithmic increase in T cell function, at least as measured by IL-6 accumulation.
Taken together, these data indicate that more detailed longitudinal combinations of XF and
cytokine production (rather than cytokine accumulation as measured herein), combined by
SHORE and the multivariate cytokine analyses that we previously published [14], may reveal
novel insights into the dynamic nature of lymphocyte regulation by respiratory pathways.

The metabolic profile comparisons between T1D and T2D cells, or T cells and B cells pre-
sented herein used resting cells, but nevertheless illustrated the power of XF analysis by our
newly developed SHORE analytical tool. Given the long-held appreciation that stimulated
immune cells increase fuel utilization as recapitulated in Fig 2, it is highly likely that differences
will be more obvious upon immune cell activation in future studies. We also noted that PBMC
metabolic profiles are similar to CD4" T cell profiles under resting conditions. This result is
perhaps expected because T cells comprise about 60% of PBMCs. However, metabolic profiles
diverge between oCD3/CD28-stimluated PBMCs and CD4" T cells. The most obvious exam-
ple of this outcome is for activated PBMCs and T cells in Fig 2, which shows that basal respira-
tion is higher and SRC is significantly lower for purified T cells compared PBMCs. The cell
types and/or cell-cell interactions responsible for the differences in oxygen consumption of
PBMCs compared to purified T cells was not addressed by our analyses. Regardless, our find-
ings raise the possibility that functionally important interactions between T cells and other
PBMC cell types, evidenced by work in T2D [9, 10, 14], are critical determinants of T cell
metabolism that may mechanistically explain these functional readouts.
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Taken together, the 1. ability to reproducibly quantitate different sources of oxygen con-
sumption, with slight variations on program predicted to be equally useful for other XF mito-
chondrial perturbation kits; and 2. analysis of virtually infinite sample numbers and technical
replicates of primary human cells, will significantly increase the utility of XF analysis as a tool
to identify drivers of specific immune cell functions. Given the ongoing development of meta-
bolic regulatory drugs, and perhaps most importantly food and food derivatives, the identifica-
tion of these processes holds high promise towards low-risk methods to normalize immune
cell function in a variety of common diseases including obesity and T2D.

Acknowledgments
The authors thank Drs. Barbara Corkey and Orian Shirihai for helpful discussions.

Author contributions
Conceptualization: DN EP FR BI ER TG DL BN.
Data curation: DN EP.

Formal analysis: DN EP FR.

Funding acquisition: DL BN.

Investigation: DN EP FR BI ER TG HD DL.
Methodology: DN EP FR BN.

Project administration: BN.

Resources: CH DS CA.

Software: DN EP DL BN.

Supervision: BN.

Validation: DN EP.

Visualization: DN EP FR.

Writing - original draft: BN.

Writing - review & editing: DN EP FR BI HD DL BN.

References

1. Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, Naugler W, et al. JNK1 in Hematopoietically
Derived Cells Contributes to Diet-Induced Inflammation and Insulin Resistance without Affecting Obe-
sity. Cell Metab. 2007; 6(5):386—97. doi: 10.1016/j.cmet.2007.09.011 PMID: 17983584

2. HanMS, Jung DY, Morel C, Lakhani SA, Kim JK, Flavell RA, et al. JNK expression by macrophages
promotes obesity-induced insulin resistance and inflammation. Science. 2013; 339(6116):218-22.
PubMed Central PMCID: PMCPMC3835653. doi: 10.1126/science.1227568 PMID: 23223452

3. Winer DA, Winer S, Shen L, Wadia PP, Yantha J, Paltser G, et al. B cells promote insulin resistance
through modulation of T cells and production of pathogenic IgG antibodies. Nat Med. 2011; 17(5):610-
7. Epub 2011/04/19. PubMed Central PMCID: PMC3270885. doi: 10.1038/nm.2353 PMID: 21499269

4. WinerS, Chan, Paltser G, Truong D, Tsui H, Bahrami J, et al. Normalization of obesity-associated
insulin resistance through immunotherapy. Nat Med. 2009; 15(8):921-9. doi: 10.1038/nm.2001 PMID:
19633657

5. Feuerer M, Herrero L, Cipolletta D, Naaz A, Wong J, Nayer A, et al. Lean, but not obese, fat is enriched
for a unique population of regulatory T cells that affect metabolic parameters. Nat Med. 2009; 15
(8):930-9. doi: 10.1038/nm.2002 PMID: 19633656

PLOS ONE | DOI:10.1371/journal.pone.0170975 February 8, 2017 16/19


http://dx.doi.org/10.1016/j.cmet.2007.09.011
http://www.ncbi.nlm.nih.gov/pubmed/17983584
http://dx.doi.org/10.1126/science.1227568
http://www.ncbi.nlm.nih.gov/pubmed/23223452
http://dx.doi.org/10.1038/nm.2353
http://www.ncbi.nlm.nih.gov/pubmed/21499269
http://dx.doi.org/10.1038/nm.2001
http://www.ncbi.nlm.nih.gov/pubmed/19633657
http://dx.doi.org/10.1038/nm.2002
http://www.ncbi.nlm.nih.gov/pubmed/19633656

@° PLOS | ONE

Extracellular flux analysis of human immune cells

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Nishimura S, Manabe |, Nagasaki M, Eto K, Yamashita H, Ohsugi M, et al. CD8+ effector T cells contrib-
ute to macrophage recruitment and adipose tissue inflammation in obesity. Nat Med. 2009; 15(8):914—
20. doi: 10.1038/nm.1964 PMID: 19633658

McLaughlin T, Liu LF, Lamendola C, Shen L, Morton J, Rivas H, et al. T-cell profile in adipose tissue is
associated with insulin resistance and systemic inflammation in humans. Arterioscler Thromb Vasc
Biol. 2014; 34(12):2637—43. doi: 10.1161/ATVBAHA.114.304636 PMID: 25341798

Jagannathan M, McDonnell M, Liang Y, Hasturk H, Hetzel J, Rubin D, et al. Toll-like receptors regulate
B cell cytokine production in patients with diabetes. Diabetologia. 2010; 53(7):1461-71. Epub 2010/04/
13. PubMed Central PMCID: PMC2895399. doi: 10.1007/s00125-010-1730-z PMID: 20383694

Defuria J, Belkina AC, Jagannathan-Bogdan M, Snyder-Cappione J, Carr JD, Nersesova YR, et al. B
cells promote inflammation in obesity and type 2 diabetes through regulation of T-cell function and an
inflammatory cytokine profile. Proc Natl Acad Sci U S A. 2013; 110(13):5133-8. Epub 2013/03/13. doi:
10.1073/pnas.1215840110 PMID: 23479618

Jagannathan-Bogdan M, McDonnell ME, Shin H, Rehman Q, Hasturk H, Apovian CM, et al. Elevated
proinflammatory cytokine production by a skewed T cell compartment requires monocytes and pro-
motes inflammation in type 2 diabetes. J Immunol. 2011; 186(2):1162—72. Epub 2010/12/21. doi: 10.
4049/jimmunol.1002615 PMID: 21169542

Fabbrini E, Cella M, McCartney SA, Fuchs A, Abumrad NA, Pietka TA, et al. Association between spe-
cific adipose tissue CD4+ T-cell populations and insulin resistance in obese individuals. Gastroenterol-
ogy. 2013; 145(2):366—74 e1-3. PubMed Central PMCID: PMC3756481.

Dalmas E, Venteclef N, Caer C, Poitou C, Cremer |, Aron-Wisnewsky J, et al. T cell-derived IL-22 ampli-
fies IL-1beta-driven inflammation in human adipose tissue: relevance to obesity and type 2 diabetes.
Diabetes. 2014; 63(6):1966—77. doi: 10.2337/db13-1511 PMID: 24520123

Nikolajczyk BS. B cells as under-appreciated mediators of non-auto-immune inflammatory disease.
Cytokine. 2010; 50(3):234—42. Epub 2010/04/13. PubMed Central PMCID: PMC2917985. doi: 10.
1016/j.cyt0.2010.02.022 PMID: 20382544

Ip B, Cilfone NA, Belkina AC, DeFuria J, Jagannathan-Bogdan M, Zhu M, et al. Th17 cytokines differen-
tiate obesity from obesity-associated type 2 diabetes and promote TNFalpha production. Obesity (Silver
Spring). 2016; 24(1):102-12. PubMed Central PMCID: PMCPMC4688084.

Raval FM, Nikolajczyk BS. The Bidirectional Relationship between Metabolism and Immune
Responses. Discoveries (Craiova). 2013; 1(1):e6. PubMed Central PMCID: PMCPMC4563811.

Caro-Maldonado A, Wang R, Nichols AG, Kuraoka M, Milasta S, Sun LD, et al. Metabolic Reprogram-
ming Is Required for Antibody Production That Is Suppressed in Anergic but Exaggerated in Chronically
BAFF-Exposed B Cells. J Immunol. 2014. Epub 2014/03/13.

van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al. Mitochondrial respiratory
capacity is a critical regulator of CD8+ T cell memory development. Immunity. 2012; 36(1):68—78.
PubMed Central PMCID: PMCPMC3269311. doi: 10.1016/j.immuni.2011.12.007 PMID: 22206904

Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR, et al. Oxidative metabolism and
PGC-1beta attenuate macrophage-mediated inflammation. Cell Metab. 2006; 4(1):13—-24. PubMed
Central PMCID: PMCPMC1904486. doi: 10.1016/j.cmet.2006.05.011 PMID: 16814729

Liu TF, Vachharajani VT, Yoza BK, McCall CE. NAD+-dependent sirtuin 1 and 6 proteins coordinate a
switch from glucose to fatty acid oxidation during the acute inflammatory response. J Biol Chem. 2012;
287(31):25758-69. PubMed Central PMCID: PMCPMC3406663. doi: 10.1074/jbc.M112.362343 PMID:
22700961

Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, et al. Enhancing CD8 T-cell memory
by modulating fatty acid metabolism. Nature. 2009; 460(7251):103—7. Epub 2009/06/06. PubMed Cen-
tral PMCID: PMC2803086. doi: 10.1038/nature08097 PMID: 19494812

Garedew A, Henderson SO, Moncada S. Activated macrophages utilize glycolytic ATP to maintain mito-
chondrial membrane potential and prevent apoptotic cell death. Cell death and differentiation. 2010; 17
(10):1540-50. doi: 10.1038/cdd.2010.27 PMID: 20339378

Yin'Y, Choi SC, Xu Z, Perry DJ, Seay H, Croker BP, et al. Normalization of CD4+ T cell metabolism
reverses lupus. Sci Transl Med. 2015; 7(274):274ra18. doi: 10.1126/scitransimed.aaa0835 PMID:
25673763

Michalek RD, Gerriets VA, Jacobs SR, Macintyre AN, Maclver NJ, Mason EF, et al. Cutting edge: dis-
tinct glycolytic and lipid oxidative metabolic programs are essential for effector and regulatory CD4+ T
cell subsets. J Immunol. 2011; 186(6):3299-303. Epub 2011/02/15. PubMed Central PMCID:
PMC3198034. doi: 10.4049/jimmunol.1003613 PMID: 21317389

Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL, Troester MA, et al. Metabolic Reprogram-
ming of Macrophages: GLUCOSE TRANSPORTER 1 (GLUT1)-MEDIATED GLUCOSE

PLOS ONE | DOI:10.1371/journal.pone.0170975 February 8, 2017 17/19


http://dx.doi.org/10.1038/nm.1964
http://www.ncbi.nlm.nih.gov/pubmed/19633658
http://dx.doi.org/10.1161/ATVBAHA.114.304636
http://www.ncbi.nlm.nih.gov/pubmed/25341798
http://dx.doi.org/10.1007/s00125-010-1730-z
http://www.ncbi.nlm.nih.gov/pubmed/20383694
http://dx.doi.org/10.1073/pnas.1215840110
http://www.ncbi.nlm.nih.gov/pubmed/23479618
http://dx.doi.org/10.4049/jimmunol.1002615
http://dx.doi.org/10.4049/jimmunol.1002615
http://www.ncbi.nlm.nih.gov/pubmed/21169542
http://dx.doi.org/10.2337/db13-1511
http://www.ncbi.nlm.nih.gov/pubmed/24520123
http://dx.doi.org/10.1016/j.cyto.2010.02.022
http://dx.doi.org/10.1016/j.cyto.2010.02.022
http://www.ncbi.nlm.nih.gov/pubmed/20382544
http://dx.doi.org/10.1016/j.immuni.2011.12.007
http://www.ncbi.nlm.nih.gov/pubmed/22206904
http://dx.doi.org/10.1016/j.cmet.2006.05.011
http://www.ncbi.nlm.nih.gov/pubmed/16814729
http://dx.doi.org/10.1074/jbc.M112.362343
http://www.ncbi.nlm.nih.gov/pubmed/22700961
http://dx.doi.org/10.1038/nature08097
http://www.ncbi.nlm.nih.gov/pubmed/19494812
http://dx.doi.org/10.1038/cdd.2010.27
http://www.ncbi.nlm.nih.gov/pubmed/20339378
http://dx.doi.org/10.1126/scitranslmed.aaa0835
http://www.ncbi.nlm.nih.gov/pubmed/25673763
http://dx.doi.org/10.4049/jimmunol.1003613
http://www.ncbi.nlm.nih.gov/pubmed/21317389

@° PLOS | ONE

Extracellular flux analysis of human immune cells

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

METABOLISM DRIVES A PROINFLAMMATORY PHENOTYPE. J Biol Chem. 2014; 289(11):7884—
96. Epub 2014/02/05. PubMed Central PMCID: PMC3953299. doi: 10.1074/jbc.M113.522037 PMID:
24492615

Jacobs SR, Herman CE, Maciver NJ, Wofford JA, Wieman HL, Hammen JJ, et al. Glucose uptake is
limiting in T cell activation and requires CD28-mediated Akt-dependent and independent pathways. J
Immunol. 2008; 180(7):4476—86. Epub 2008/03/21. PubMed Central PMCID: PMC2593791. PMID:
18354169

Rodriguez-Prados JC, Traves PG, Cuenca J, Rico D, Aragones J, Martin-Sanz P, et al. Substrate fate
in activated macrophages: a comparison between innate, classic, and alternative activation. J Immunol.
2010; 185(1):605—14. doi: 10.4049/jimmunol.0901698 PMID: 20498354

ShiLZ, Wang R, Huang G, Vogel P, Neale G, Green DR, et al. HIF1alpha-dependent glycolytic pathway
orchestrates a metabolic checkpoint for the differentiation of TH17 and Treg cells. J Exp Med. 2011;
208(7):1367-76. Epub 2011/06/29. PubMed Central PMCID: PMC3135370. doi: 10.1084/jem.
20110278 PMID: 21708926

Dang EV, Barbi J, Yang HY, Jinasena D, Yu H, Zheng Y, et al. Control of T(H)17/T(reg) balance by hyp-
oxia-inducible factor 1. Cell. 2011; 146(5):772—-84. PubMed Central PMCID: PMCPMC3387678. doi:
10.1016/j.cell.2011.07.033 PMID: 21871655

Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, et al. The transcription factor Myc con-
trols metabolic reprogramming upon T lymphocyte activation. Immunity. 2011; 35(6):871-82. PubMed
Central PMCID: PMCPMC3248798. doi: 10.1016/j.immuni.2011.09.021 PMID: 22195744

Perry CG, Kane DA, Lanza IR, Neufer PD. Methods for assessing mitochondrial function in diabetes.
Diabetes. 2013; 62(4):1041-53. PubMed Central PMCID: PMCPMC3609570. doi: 10.2337/db12-1219
PMID: 23520284

Divakaruni AS, Paradyse A, Ferrick DA, Murphy AN, Jastroch M. Analysis and interpretation of micro-
plate-based oxygen consumption and pH data. Methods Enzymol. 2014; 547:309-54. doi: 10.1016/
B978-0-12-801415-8.00016-3 PMID: 25416364

Procaccini C, Carbone F, Di Silvestre D, Brambilla F, De Rosa V, Galgani M, et al. The Proteomic Land-
scape of Human Ex Vivo Regulatory and Conventional T Cells Reveals Specific Metabolic Require-
ments. Immunity. 2016; 44(2):406-21. PubMed Central PMCID: PMCPMC4760097. doi: 10.1016/.
immuni.2016.01.028 PMID: 26885861

Vacaflores A, Chapman NM, Harty JT, Richer MJ, Houtman JC. Exposure of Human CD4 T Cells to IL-
12 Results in Enhanced TCR-Induced Cytokine Production, Altered TCR Signaling, and Increased Oxi-
dative Metabolism. PLoS One. 2016; 11(6):e0157175. PubMed Central PMCID: PMCPMC4900534.
doi: 10.1371/journal.pone.0157175 PMID: 27280403

De Rosa V, Galgani M, Porcellini A, Colamatteo A, Santopaolo M, Zuchegna C, et al. Glycolysis con-
trols the induction of human regulatory T cells by modulating the expression of FOXP3 exon 2 splicing
variants. Nat Immunol. 2015; 16(11):1174-84. PubMed Central PMCID: PMCPMC4868085. doi: 10.
1038/ni.3269 PMID: 26414764

Renner K, Geiselhoringer AL, Fante M, Bruss C, Farber S, Schonhammer G, et al. Metabolic plasticity
of human T cells: Preserved cytokine production under glucose deprivation or mitochondrial restriction,
but 2-deoxy-glucose affects effector functions. Eur J Immunol. 2015; 45(9):2504—16. doi: 10.1002/eji.
201545473 PMID: 26114249

Henson SM, Lanna A, Riddell NE, Franzese O, Macaulay R, Griffiths SJ, et al. p38 signaling inhibits
mTORC1-independent autophagy in senescent human CD8(+) T cells. J Clin Invest. 2014; 124
(9):4004—16. PubMed Central PMCID: PMCPMC4151208. doi: 10.1172/JCI75051 PMID: 25083993

Shin H, Zhang Y, Jagannathan M, Hasturk H, Kantarci A, Liu H, et al. B cells from periodontal disease
patients express surface Toll-like receptor 4. J Leukoc Biol. 2009; 85(4):648-55. doi: 10.1189/jlb.
0708428 PMID: 19118102

Keane KN, Calton EK, Cruzat VF, Soares MJ, Newsholme P. The impact of cryopreservation on human
peripheral blood leucocyte bioenergetics. Clin Sci (Lond). 2015; 128(10):723-33.

Jelley-Gibbs DM, Lepak NM, Yen M, Swain SL. Two distinct stages in the transition from naive CD4 T
cells to effectors, early antigen-dependent and late cytokine-driven expansion and differentiation. J
Immunol. 2000; 165(9):5017—-26. PMID: 11046030

Brand K, Aichinger S, Forster S, Kupper S, Neumann B, Nurnberg W, et al. Cell-cycle-related metabolic
and enzymatic events in proliferating rat thymocytes. Eur J Biochem. 1988; 172(3):695-702. PMID:
3258238

Milasta S, Dillon CP, Sturm OE, Verbist KC, Brewer TL, Quarato G, et al. Apoptosis-Inducing-Factor-
Dependent Mitochondrial Function Is Required for T Cell but Not B Cell Function. Immunity. 2016; 44
(1):88-102. PubMed Central PMCID: PMCPMC4936487. doi: 10.1016/j.immuni.2015.12.002 PMID:
26795252

PLOS ONE | DOI:10.1371/journal.pone.0170975 February 8, 2017 18/19


http://dx.doi.org/10.1074/jbc.M113.522037
http://www.ncbi.nlm.nih.gov/pubmed/24492615
http://www.ncbi.nlm.nih.gov/pubmed/18354169
http://dx.doi.org/10.4049/jimmunol.0901698
http://www.ncbi.nlm.nih.gov/pubmed/20498354
http://dx.doi.org/10.1084/jem.20110278
http://dx.doi.org/10.1084/jem.20110278
http://www.ncbi.nlm.nih.gov/pubmed/21708926
http://dx.doi.org/10.1016/j.cell.2011.07.033
http://www.ncbi.nlm.nih.gov/pubmed/21871655
http://dx.doi.org/10.1016/j.immuni.2011.09.021
http://www.ncbi.nlm.nih.gov/pubmed/22195744
http://dx.doi.org/10.2337/db12-1219
http://www.ncbi.nlm.nih.gov/pubmed/23520284
http://dx.doi.org/10.1016/B978-0-12-801415-8.00016-3
http://dx.doi.org/10.1016/B978-0-12-801415-8.00016-3
http://www.ncbi.nlm.nih.gov/pubmed/25416364
http://dx.doi.org/10.1016/j.immuni.2016.01.028
http://dx.doi.org/10.1016/j.immuni.2016.01.028
http://www.ncbi.nlm.nih.gov/pubmed/26885861
http://dx.doi.org/10.1371/journal.pone.0157175
http://www.ncbi.nlm.nih.gov/pubmed/27280403
http://dx.doi.org/10.1038/ni.3269
http://dx.doi.org/10.1038/ni.3269
http://www.ncbi.nlm.nih.gov/pubmed/26414764
http://dx.doi.org/10.1002/eji.201545473
http://dx.doi.org/10.1002/eji.201545473
http://www.ncbi.nlm.nih.gov/pubmed/26114249
http://dx.doi.org/10.1172/JCI75051
http://www.ncbi.nlm.nih.gov/pubmed/25083993
http://dx.doi.org/10.1189/jlb.0708428
http://dx.doi.org/10.1189/jlb.0708428
http://www.ncbi.nlm.nih.gov/pubmed/19118102
http://www.ncbi.nlm.nih.gov/pubmed/11046030
http://www.ncbi.nlm.nih.gov/pubmed/3258238
http://dx.doi.org/10.1016/j.immuni.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26795252

o ®
@ : PLOS | ONE Extracellular flux analysis of human immune cells

42. Kramer PA, Chacko BK, Ravi S, Johnson MS, Mitchell T, Darley-Usmar VM. Bioenergetics and the oxi-
dative burst: protocols for the isolation and evaluation of human leukocytes and platelets. J Vis Exp.
2014;(85). PubMed Central PMCID: PMCPMC4089433.

43. Chacko BK, Kramer PA, Ravi S, Johnson MS, Hardy RW, Ballinger SW, et al. Methods for defining dis-
tinct bioenergetic profiles in platelets, lymphocytes, monocytes, and neutrophils, and the oxidative burst
from human blood. Lab Invest. 2013; 93(6):690-700. PubMed Central PMCID: PMCPMC3674307. doi:
10.1038/labinvest.2013.53 PMID: 23528848

44. Hartman ML, Shirihai OS, Holbrook M, Xu G, Kocherla M, Shah A, et al. Relation of mitochondrial oxy-
gen consumption in peripheral blood mononuclear cells to vascular function in type 2 diabetes mellitus.
Vasc Med. 2014; 19(1):67—74. PubMed Central PMCID: PMCPMC3932629. doi: 10.1177/
1358863X14521315 PMID: 24558030

PLOS ONE | DOI:10.1371/journal.pone.0170975 February 8, 2017 19/19


http://dx.doi.org/10.1038/labinvest.2013.53
http://www.ncbi.nlm.nih.gov/pubmed/23528848
http://dx.doi.org/10.1177/1358863X14521315
http://dx.doi.org/10.1177/1358863X14521315
http://www.ncbi.nlm.nih.gov/pubmed/24558030

