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23 SUMMARY:
24 This study demonstrates the use of flow cytometry to detect reactive oxygen species (ROS)
25  production resulting from activation of the FcyR. This method can be used to assess changes in
26  the antimicrobial and redox signaling function of phagocytes in response to immune complexes,
27  opsonized microorganisms, or direct FcyR cross-linking.
28
29  ABSTRACT:
30 The oxidative or respiratory burst is used to describe the rapid consumption of oxygen and
31 generation of reactive oxygen species (ROS) by phagocytes in response to various immune
32 stimuli. ROS generated during immune activation exerts potent antimicrobial activity primarily
33  through the ability of ROS to damage DNA and proteins, causing death of microorganisms. Being
34  able to measure ROS production reproducibly and with ease is necessary in order to assess the
35  contribution of various pathways and molecules to this mechanism of host defense. In this paper,
36 we demonstrate the use of fluorescent probes and flow cytometry to detect ROS production.
37  Although widely used, fluorescent measurement of ROS is notoriously problematic, especially
38  with regards to measurement of ROS induced by specific and not mitogenic stimuli. We present
39 adetailed methodology to detect ROS generated as a result of specific FcyR stimulation beginning
40 with macrophage generation, priming, staining, FcyR cross-linking, and ending with flow
41  cytometric analysis.
42

D
w

INTRODUCTION:


https://www.editorialmanager.com/jove/download.aspx?id=950296&guid=c91a740a-f5f5-445c-86a7-f090f8ef7d14&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=950296&guid=c91a740a-f5f5-445c-86a7-f090f8ef7d14&scheme=1

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

Reactive oxygen species (ROS) are reactive molecules or free radicals that are by-products of
aerobic respiration (reviewed in !). These include the superoxide anion, peroxide, hydrogen
peroxide, hydroxyl radical, and hydroxyl ions, among others. Under normal physiologic
conditions, ROS are produced mainly by the mitochondria and nicotinamide adenine dinucleotide
phosphate (NADPH) oxidases and are rapidly detoxified by various enzymes and proteins such as
superoxide dismutase and glutathione. An exaggerated production of ROS or a defect in the
ability to remove ROS can result in oxidative stress, whereby reactive oxygen species promote
the damage of proteins, lipids, and DNA leading to cellular stress or death and pathological
disease states. However, it is currently appreciated that ROS can also act as signaling molecules
(redox signaling), and ROS-mediated modification of various molecules and pathway
intermediates can influence cellular metabolism, proliferation, survival, inflammatory signaling,
and aging®. In phagocytic cells, ROS plays an essential role in providing antimicrobial activity
during the so-called “respiratory burst”3%, During the response of phagocytes to external
stimuli, components of the NADPH oxidase complex (p40P"*, p47Phox p67P"X) translocate from
the cytosol to the phagosomal membrane containing the gp91phox and p22phox subunits, and
together with the actions of Rac1/2, form a fully functional NADPH oxidase enzyme complex. The
assembled NADPH oxidase then utilizes NADPH to reduce oxygen to superoxide within the
phagosomal vacuole. Superoxide anions can directly cause damage or be dismutated into
hydrogen peroxide. Both superoxide and hydrogen peroxide can react with other molecules to
generate highly reactive hydroxyl radicals. Damage is mediated by reaction of these ROS with
iron-sulfur clusters on proteins or by causing base oxidation of DNA, ultimately leading to
restricted microbial metabolism or death of the microbe®. The importance of the NADPH oxidase
enzyme complex and ROS produced during the respiratory burst is illustrated clinically in patients
with Chronic Granulomatous Disease (CGD)’-%. Individuals with CGD possess mutations in
gp91phox, resulting in a lack of ROS production and susceptibility to recurrent infections with
bacteria and fungi which are not usually a concern with immunocompetent individuals.
Therefore, whether studying oxidative stress, redox signaling, or host defense, being able to
measure ROS production in real-time is a useful endeavor.

Multiple assays have been utilized to measure ROS production or the results of oxidative stress'!-
13, Among these, one of the most widely used is the fluorescent probe 2’,7’
dichlorodihydrofluorescein diacetate (DCFH2-DA). This molecule is colorless and lipophilic.
Diffusion of DCFH,-DA across the cell membrane allows it to be acted upon by intracellular
esterases, which deacetylates it into DCFH;, rendering it cell impermeable. The actions of multiple
types of ROS (hydrogen peroxide, peroxynitrite, hydroxyl radicals, nitric oxide, and peroxy
radicals) on DCFH; oxidize it into DCF which is fluorescent (reported Ex/Em: 485-500 nm/515-530
nm) and can be detected using a flow cytometer equipped with a standard filter set for
fluorescein (FL1 channel). Superoxide does not strongly react with DCFH; but can react with
another probe dihydroethidium (DHE) to yield the fluorescent product 2-hydroxyethidium (as
well as other fluorescent superoxide-independent oxidation products)®. The fluorescent
products of DHE oxidation can be detected using an excitation wavelength of 518 nm and an
emission wavelength of 605 nm (FL2 channel). Although relatively simple to use, utilization of
these probes for detection of ROS requires knowledge of their limitations and careful
incorporation of staining procedures and controls into the specific assay being performed in
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order to have valid experimental results and conclusions. The following protocol demonstrates
the use of a commercially available kit employing these 2 probes designed to measure ROS by
flow cytometry. We stain primed bone marrow-derived macrophages with these probes and
induce ROS production through FcyR cross-linking. We present representative data obtained
using this protocol and stress appropriate precautions that must be undertaken for successful
experimentation.

PROTOCOL:

The protocol for animal handling was approved by the Institutional Animal Care and Use
committee (IACUC) of University of Central Florida.

1. Generation of bone marrow derived macrophages (BMDMs)
1.1. Culture media preparation

1.1.1. Prepare D10F base media: To Dulbecco’s Modified Eagle Medium (DMEM), add 10% heat
inactivated fetal bovine serum (FBS), 1 mM sodium pyruvate, 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and 0.05 mM [-mercaptoethanol.

NOTE: Although it is best to use fresh D10F media, D10F base media can be prepared up to two
weeks in advance to be used for multiple experiments within a week. For one mouse, around 175
mL of D10F base media is needed (25 mL to flush the bones and 150 mL to make macrophage
differentiation media)

1.1.2. Prepare LADMAC growth media: To Eagle's Minimum Essential Medium (EMEM), add 10%
heat inactivated FBS and 2 mM L-glutamine. Prepare the media fresh, on the day you plan to start

your cultures.

NOTE: One liter of LADMAC growth media will result in approximately (19) 50 mL aliquots of
LADMAC-conditioned media.

1.1.3. Prepare complete DMEM media: To DMEM, add 10% heat inactivated FBS and 1x
Antibiotic-Antimycotic. Prepare the media fresh, on the day BMDMs will be harvested.

NOTE: For one mouse, around 100 mL of DMEM complete media will be required. This includes
media used for priming the cells.

1.2. Preparation of LADMAC conditioned medium

1.2.1. Grow LADMAC cells to confluency in a 10 cm dish using 10 mL of LADMAC growth media
(defined in 1.1.2). Incubate cells at 37 °C, 5% CO..

1.2.2. At confluency, detach cells by forcefully dispensing media over cells. Passage cells by
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adding 1 mL of detached cells into T-175 flasks containing 100 mL of LADMAC growth media.
Incubate cells until completely confluent at 37 °C, 5% CO; (approximately one week). This way,
one 10 cm dish can yield ten T-175 flasks or approximately 1 L of conditioned media.

1.2.3. Once the cells are ready, collect the conditioned media and centrifuge at 350 x g for 5 min
to pellet unwanted cells. Filter the collected supernatants through a 0.2 um filter and store 50
mL aliquots at -80 °C. Aliquots of LADMAC-conditioned media can be kept at -80 °C for months
with minimal loss of activity.

NOTE: If large experiments are anticipated, prepare large batches of LADMAC-conditioned media
at the same time to ensure consistency. If this is not possible, use aliquots derived from the same
batch or lot of LADMAC-conditioned media for each experiment.

1.3. Preparation of bone marrow derived macrophages

1.3.1. On the day of the experiment, prepare fresh macrophage differentiation media by adding
25% of LADMAC conditioned media into previously prepared D10F media (1 part LADMAC
conditioned media into 3 parts D10F). Do not prepare this media in advance! Only prepare as
much media as needed for the BMDM culture.

1.3.2. Day 1: Isolate mouse bone marrow cells according to the previously described protocol*®
with a modification to flush the bone marrow from femurs and tibias using D10F base media. Use
2.5 mL of D10F media to flush each end of the (4) bones. Flush bone marrow cells directly into a
pre-wet 40 um cell strainer placed on top of a 50 mL tube. The remaining media (~5 mL) can be
used to rinse out the cell strainer.

1.3.3. Centrifuge collected bone marrow cells at 350 x g for 5 min. Discard the supernatant and
resuspend the cells in a total of 30 mL of macrophage differentiation media (per mouse).

1.3.4. Prepare and label (6) sterile 10 cm Petri dishes. Plate 5 mL of macrophage differentiation
media into each into Petri dish. Aliquot 5 mL of resuspended bone marrow cells in macrophage
differentiation media into each Petri dish for a total volume of 10 mL per dish. Incubate for 5 days
at 37 °C, 5% CO,.

1.3.5. Day 5: Aspirate media from the cells. Wash once with 1-2 mL of PBS and add 10 mL of
freshly prepared macrophage differentiation media. Incubate for an additional 3 days.

1.3.6. Day 8: Proceed to harvesting BMDMs as described below.
2. Harvesting, seeding and priming of BMDMs

2.1. After 7 days of growing the BMDMs in the macrophage differentiation media, remove the
supernatant. Wash adherent macrophages once with 1-2 mL of PBS. Aspirate the PBS.
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2.2. Dispense 1 mL of 0.25% Trypsin-EDTA into each macrophage plate and leave them in the 37
°C incubator for 5-10 min with frequent tapping to detach the cells. Dissociate trypsinized
macrophages by pipetting up and down using a P1000 pipette and collect macrophages in 50 mL
tubes containing 10-15 mL of complete DMEM media. Wash the plate with additional 2 mL
complete DMEM media to harvest any remaining macrophages.

CAUTION: Do not leave macrophages in trypsin for more than 10 min.

2.3. Centrifuge the 50 mL tubes at 350 x g for 5 min. Discard the supernatant. Gently dissociate
the pellet and resuspend the cells in 10 mL of complete DMEM media. Count macrophages using
a hemocytometer in the presence of a viability dye such as trypan blue as follows:

2.3.1. For example, mix 90 pL of Trypan blue with 10 puL of cells for a 1:10 dilution.

2.3.2. Of this mixture, load 10 uL into a hemocytometer and count the central square (5 x 5 grid).
The total cell count = count x 10 x dilution factor (10) x volume (10 mL).

2.4. Adjust the cell suspension to be 1 million/mL in complete DMEM media and plate 4 mL of
this cell suspension into each 6 cm dish.

NOTE: A minimum of 3 plates is required per experiment. One plate of cells will be left
unstimulated, a second set of cells will be stimulated through cross-linking of FcyRs, and the third
plate of cells will be used for all of the additional experimental and flow cytometric controls.
2.5. Incubate the plates overnight at 37 °C, 5% CO,.

2.6. The following day, aspirate the supernatant, wash cells once with 1-2 mL of PBS. Add 4 mL
of complete media containing 100 ng/mL mouse IFN-y to each plate. Incubate the plates
overnight at 37 °C, 5% CO..

2.7. If desired, take an aliquot of the cells to assess appropriate generation of BMDMs by flow
cytometry. Use 1x10° cells per test and prepare polystyrene FACs tubes for the following

conditions: isotype control, stained with F4/80 (or alternatively, stained with CD11b).

2.8. Prepare flow cytometry staining buffer by adding 0.1% FBS into 1x PBS. Use only this amount
of FBS so as not to negate the effects of serum-starvation in later steps.

2.9. Aliquot 1 x 108 cells per tube and centrifuge at 750 x g for 5 min.

2.10. Wash once by decanting or aspirating supernatant and resuspending cells in 2 mL of flow
cytometry buffer. Centrifuge at 750 x g for 5 min.

2.11. Aspirate supernatant and resuspend cells in 100 plL of flow cytometry staining buffer. Add
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1 uL of anti-mouse CD16/32 Fc blocking antibody to each tube. Incubate on ice for 5 min.

2.12. Without washing, add 2 uL of FITC anti-mouse F4/80 or 1 uL of APC anti-mouse CD11b
antibody to the “stained” tubes and a similar amount of the corresponding isotype control
antibody to “isotype” tubes. Incubate on ice, in the dark, for 30 min.

2.13. Wash cells by adding 2 mL of PBS directly to the cells. Centrifuge at 750 x g for 5 min.
2.14. Aspirate supernatant and resuspend cells in 150 pL of PBS.

2.15. Acquire samples on a flow cytometer using a stop condition of 100 uL or 10,000 events on
the gate of interest and ensure that FSC, SSC, FL1 (FITC anti-mouse F4/80) or FL4 (APC anti-mouse
CD11b) channels are selected for the parameters to be analyzed.

2.16. Using the flow cytometry software, open a dot plot for FSC (on the x-axis) vs SSC (on the y-
axis) and draw a gate around the cells of interest, excluding dead cells and debris (dead cells and
debris are much smaller events than the main cell population and appear on the lower left of the
plot).

2.17. Gating on the cells of interest, open a histogram plot with FL1 (FITC anti-mouse F4/80) or
FL4 (APC anti-mouse CD11b) on the x-axis.

2.18. Run the “isotype” sample. Generate a marker gate so that majority of “isotype” sample
events are to the left of the gate (<1% positive). Apply this template to the stained sample file.

2.19. Run the “stained” sample. Successful generation of BMDMs will result in >95% expression
of FITC anti-mouse F4/80 or APC anti-mouse CD11b (Figure 1A), while incorrect culture
conditions may result in sub-optimal generation of macrophages (Figure 1B).

NOTE: If generating BMDMs from multiple genotypes, take note of the expression of these
markers for each batch of BMDM generated, in the case that this may be grounds for excluding
a sample from analysis when ROS generation in response to stimulus is assessed.

3. Reagent and material preparation for ROS measurement

3.1. Reconstitute the lyophilized oxidative stress detection reagent in 60 uL of anhydrous DMF
to yield a 5 mM stock solution. Gently mix before use.

NOTE: It is stated in the ROS-ID kit manual that the shelf life of the reconstituted reagent is about

1 week at -20 °C. Aliquoting the reagent immediately after reconstitution into small light-proof
vials minimizes its oxidation and maximizes the shelf life at -20 °C.

3.2. Reconstitute the lyophilized superoxide detection reagent in 60 pL of anhydrous DMF to
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yield a 5 mM stock solution. Gently mix before use.

CAUTION: As stated in the kit manual, treat both detection reagents as possible mutagens, handle
each with care, and dispose of properly.

3.3. Reconstitute the ROS inducer (Pyocyanin) in 20 pL of anhydrous DMF to yield a 50 mM stock
solution.

3.4. Reconstitute the ROS Inhibitor (N-acetyl-L-cysteine) in 123 uL of deionized water to yield a
0.5 M stock concentration.

3.5. Label 5 mL round polystyrene tubes (flow cytometry tubes) with the experimental controls
and conditions. (See 4. Assay conditions and controls)

3.6. Prepare low serum DMEM (no phenol red) by adding 0.1% FBS to phenol red-free DMEM.

3.7. Aliquot the anti-BSA antibody into small aliquots (depending on the usage) and store them
at -80 °C.

3.8. Prepare stock solution of 100 mg/mL BSA in HBSS (Hanks’ balanced salt solution) or PBS.
Aliquot into 100 pL aliquots and store at -20 °C.

3.9. Prepare a 2x solution of the ROS probes (2x probe solution): for each 10 mL of low serum
DMEM, add 4 pL of oxidative stress detection reagent (green dye) and 4 plL of superoxide
detection reagent (orange dye).

3.10. Prepare 2x probe solutions containing only oxidative stress detection reagent (2x probe
solution, green only), or containing only superoxide detection reagent (2x probe solution, orange
only). Prepare only the amount of reagent needed for the experiment and always prepare the 2x
solution immediately prior to use.

NOTE: To prepare smaller volumes of 2x detection solution, use an intermediate 1:10 dilution of
both Green and Orange detection reagents prior to final dilution in DMEM. For example, to
prepare 1 mL of a 2x detection solution, dilute 1 pL of each probe into 9 uL of DMEM (1:10
intermediate dilution). Dilute 4 pL of this 1:10 intermediate dilution into 1 mL of DMEM.

4. Assay conditions and controls

4.1. Include the following experimental controls for flow cytometric compensation for each
experiment:
a) Unstained and unstimulated cells.
b) Cells stained only with the oxidative stress detection reagent (green reagent) and
treated with ROS inducer.
c) Cells stained only with the superoxide detection reagent (orange reagent) and treated
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with ROS inducer.

4.2. For each mouse or biological replicate, include the following 6 conditions:

a) Unstained and unstimulated cells

b) Stained and unstimulated cells

c) Stained cells treated with positive inducer

d) Stained cells treated with positive inducer and ROS inhibitor

e) Stained cells activated through FcyR cross-linking

f) Stained cells activated through FcyR cross-linking and treated with ROS inhibitor

4.3. Calculate the amount of 2x probe solution needed based on the number of mice and
conditions (200 uL of the 2x probe solution will be used for each condition requiring staining).

NOTE: For an assay using 6 mice, 5 conditions requiring staining with the probes will be needed
per mouse. This brings the total number of conditions to 30. Thus, the total amount of 2x probe
solution needed is at least 6 mL (30*200 uL).

5. Cell preparation

5.1. After priming the macrophages overnight, aspirate the supernatant. Wash the cells once
with PBS.

5.2. Serum starve the cells by replacing media with the same volume of low serum DMEM. For
each mouse, one plate will be treated with anti-BSA 1gG1 while serum starving, while the other
will be left untreated. Add only low serum DMEM to untreated plates. Add low serum DMEM
containing 2.5 pg/mL of murine anti-BSA 1gG: to treated plates.

NOTE: One additional untreated plate is needed for each experiment for the flow cytometric
compensation controls.

5.3. Incubate the plates for 4 h at 37 °C, 5% CO..
5.4. After serum starving, harvest the cells by gentle scraping or by using 0.2 mM EDTA in PBS.
Collect them in labeled 5 mL round bottom tubes and centrifuge them at 750 x g for 5 min. Keep

track of which cells were treated with murine anti-BSA IgGi.

5.5. Wash cell pellets once with 2 mL of PBS to get rid of any residual anti-BSA from the treated
cells.

5.6. Resuspend cell pellet in 600 uL of low serum DMEM.

5.7. From the 600 pL cell suspension, aliquot 200 pL into the pre-labelled 5 mL round bottom
tubes as follows:
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5.7.1. From the untreated cells, take 200 pL for tubes labelled “unstimulated”, 200 pL for tubes
labelled “positive inducer” and 200 L for tubes labelled “positive inducer + inhibitor”

5.7.2. From the anti-BSA IgG; treated cells, take 200 pL for tubes labelled “FcyR crosslinking/FcyR
XL” and 200 puL for tubes labelled “FcyR XL + inhibitor”

5.7.3. From the untreated cells to be used for compensation controls, take 200 uL for the tube
labelled “unstained unstimulated”, 200 uL for the “green + inducer” control and 200 pL for
“orange + inducer” control.

NOTE: If the cells from 5.7.1 and 5.7.3 are derived from the same mouse, the same “unstained
unstimulated” cells can be used for the experimental and compensation control. If not, an
additional 200 pL of cells will be needed for an “unstained unstimulated” experimental control
for a).

5.8. Keep the tubes on ice until staining and stimulation. During serum starvation and binding of
IgG1, prepare the probes, specific stimuli, and inducers as outlined below.

NOTE: If performing the assay for the first time, if no template is available, or no after-the-fact
compensation is available on the flow cytometer and corresponding software, stimulate and stain
compensation controls and run these on the flow cytometer to perform manual compensation
prior to addition of stimuli to experimental samples.

6. Performing the assay

6.1. Prepare 2x positive inducer solution by diluting the Pyocyanin 1:100 in the 2x probe solution
(prepared in step 3.9) to obtain a 2x concentration of 500 uM of pyocyanin (final concentration
will be 250 uM). Also, dilute pyocyanin 1:100 into each of the “2x probe solution, green only” and
“2x probe solution, orange only” tubes prepared in 3.10.

NOTE: Both conditions labelled with “positive inducer” and “positive inducer + inhibitor” will be
treated with the positive inducer. Plan accordingly when calculating the amount of 2x positive
inducer solution to prepare. For example: If performing the assay with 3 mice, 6 conditions (3*2)
will be treated with positive inducer, so prepare 6*200 uL =1.2 mL of 2x positive inducer solution.

6.2. Prepare a 2x BSA solution by diluting the BSA stock solution in 2x probe solution to obtain a
concentration of 2 ug/mL (final concentration will be 1 ug/mL).

NOTE: Both conditions labelled with “FcyR XL” and “FcyR XL + inhibitor” will be treated with the
2x BSA solution. Plan accordingly when calculating the amount of solution to prepare. For
example: If performing the assay using 3 mice, 6 (3*2) conditions will be treated with BSA solution
and so 6*200 pL or 1.2 mL of 2x BSA solution will be needed.
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6.3. Before starting the specific stimulation (FcyR crosslinking), make sure that all the reagents
and cells are ready. Place the tubes on ice in the order they will be stimulated.

6.4. For flow cytometers with an autosampler, take note of the time that the cytometer takes to
analyze one sample and move on to the next, including any mixing and probe washing steps (for
example 3.5 min).

NOTE: Timing is very critical for this assay. In order for every condition to be well controlled, the
stimulation needs to be carried out for the exact time (30 min) for each condition. Stimulate cells
in order and incorporate the lag time between sample acquisition by the flow cytometer. For
example, if the time needed for the cytometer to analyze one sample and move on to the next is
3.5 min, stimulate cells in the order they will be analyzed every 3.5 min.

6.5. If performing manual compensation at this point, stimulate control tubes to be used for
compensation (step 5.7.3). Add 200 uL of “2x probe solution, green only” containing inducer
(from 6.1) into the tubes marked “green+inducer” (step 5.7.3). Add 200 pL of “2x probe solution,
orange only” containing inducer (step 6.1) into the tubes marked “orange+inducer” (step 5.7.3).

6.6. Incubate the cells for 30 min at 37 °C, 5% CO; in dark.

6.7. Using the flow cytometry software, generate and label 3 sample files for the control
“unstained, untreated”, “green+inducer”, and “orange+inducer” samples, making sure to
indicate the channels/parameters to be analyzed (FSC, SSC, FL1, FL2) and desired stop conditions
(100 pL, 3 min, etc.). Generate and label a similar set of files for experimental samples.

6.8. Run the “unstained, untreated” sample. Open a dot plot for FSC (on the x-axis) vs SSC (on
the y-axis) and draw a gate around the cells of interest, excluding dead cells and debris (dead
cells and debris are much smaller events than the main cell population and appear on the lower
left of the plot).

6.9. Using this “cells” gate, open another dot plot of FL1 (x-axis) vs FL2 (y-axis). Draw an initial
guadrant gate. Adjust the quadrant gates so that the events appear on the lower left quadrant
of the FL1 vs FL2 plot.

6.10. Run the “green+inducer” sample. Adjust the voltage so that the events appear on the lower
left and right quadrants of the FL1 vs FL2 plot. Apply this compensation matrix to all 3 sample
files.

6.11. Run the “orange+inducer” sample. Adjust the voltage so that the events appear on the
upper and lower left quadrants of the FL1 vs FL2 plot. Apply this compensation matrix to all 3

sample files.

6.12. Check each compensation file and ensure that “unstained, untreated” events appear on
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the lower left quadrant, “green+inducer” events appear on the lower left and right quadrants,
and “orange+inducer” events appear on the upper and lower left quadrants of the FL1 vs FL2
plot. Apply the compensation matrix to all of the experimental sample files.

6.12.1. Ensure that appropriate compensation is applied to all the control sample files before
applying the compensation matrix to all of the experimental sample files. Refer to Figure 2 for
representative data showing uncompensated and correctly compensated samples.

NOTE: Many cytometers designate FL1 as the standard FITC/GFP channel (excited by the blue
488 nm laser, and detected with a 530/30 filter set) and FL2 as the standard PE channel (excited
by the blue 488 nm laser, and detected with a 585/40 filter set). We use this same convention
but caution new flow cytometry users to consult with their flow cytometry core manager to
ensure that their cytometer is similarly configured and that the appropriate channels are used to
detect these probes. Depending on the model of flow cytometer and accompanying software, it
may be possible to perform compensation before or after samples have been acquired. If after-
the-fact compensation is possible, the compensation step can be performed after all
experimental samples have been acquired by the cytometer. For cytometers with a dynamic
range, where PMT voltage adjustments are not needed, a compensation experiment can also be
performed on a separate day and the experimental template (including the compensation matrix)
can be saved to reduce the time needed to perform manual compensation.

6.13. Once manual compensation has been performed and an experimental template is
obtained, start treatment of experimental samples. Before treating with positive inducer or FcyR
cell stimulation, mark which tubes get ROS inhibitor. Treat these cells with the ROS inhibitor at
least 30 min prior to positive inducer or FcyR stimulation.

6.14. To add the ROS inhibitor, prepare a final concentration of 5 mM by adding 1 pL of the
inhibitor to 200 plL of resuspended cells (without anti-BSA 1gG1).

6.15. Treat the cells with the stimulus (or positive inducer) and load the cells with the ROS probes
as follows:

6.15.1. For unstimulated cells: add 200 pL of 2x probe solution without any stimulus to the 200
plL of cell suspension labelled “stained, unstimulated”.

6.15.2. For positive controls: add 200 uL of 2x positive inducer solution (prepared in step 6.1) to
200 pL of cell suspension labelled “positive inducer” or “positive inducer + inhibitor”.

6.15.3. For cells stimulated by FcyR cross-linking (specific stimulus): add 200 uL of 2x BSA solution
(prepared in 6.2) to 200 pL of cell suspension labelled “Fcyr XL” or “FcyR XL + inhibitor”.

NOTE: Remember to incorporate the lag time between sample analysis by adding stimulus every
x min where x is the lag time between acquisition of one sample and the next.
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6.16. Incubate the cells for 30 min at 37 °C, 5% CO; in dark. Analyze the samples in the order they
were stimulated using a flow cytometer equipped with an autosampler. Use the analysis
templates generated during the initial compensation steps. Do not wash cells prior to analysis.

7. Flow cytometry data analysis and anticipated results

7.1. Within the flow cytometry software, open the previously generated analysis files for the
experimental samples (templates were generated in steps 6.7-6.12 and samples were run in step
6.16). Ensure that the compensation matrix from performing manual compensation was correctly
applied to the experimental samples.

NOTE: For flow cytometers and flow cytometry software capable of after-the-fact compensation,
if the compensation matrix was not previously applied to the experimental sample files, apply it
at this point.

7.2. Similar to verifying correct manual compensation, ensure that the controls within the
experimental samples behave as expected.

7.2.1. Ensure that the “unstained, untreated” events will appear on the lower left quadrant of
the FL1 vs FL2 plot, that the “positive inducer” events show increased fluorescence in the upper
left, upper right, and lower right quadrants of the FL1 vs FL2 plot, and that “positive inducer +
ROS inhibitor” events show a reduction in fluorescence in upper left, upper right, and lower right
qguadrants of the FL1 vs FL2 plot compared to the fluorescence observed with the “positive
inducer” sample.

7.2.2. If controls within the experimental samples do not show any increased fluorescence, check
that all assay steps were performed, verify appropriate generation and priming of bone marrow-
derived macrophages (2.7-2.19), and repeat the experiment. If controls within the experimental
samples show the expected trends, proceed to analyze experimental samples stimulated through
the FcyR (Figure 3A).

7.3. Verify that the FcyR-specific stimulus is working appropriately. Run the following samples
from a C57BL/6J WT mouse: “unstained, unstimulated”, “stained, unstimulated”, “stained,
stimulated through the FcyR”, and “stained, stimulated through the FcyR + ROS inhibitor”. These
correspond to samples 4.2a, 4.2b, 4.2e, and 4.2f in section 4, respectively.

7.3.1. Ensure that the “unstained, unstimulated” events will appear on the lower left quadrant
of the FL1 vs FL2 plot, that “stained, unstimulated” events will also appear on the lower left
quadrant of the FL1 vs FL2 plot, that “stained, stimulated through the FcyR” events show
increased fluorescence in the upper left, upper right, and lower right quadrants of the FL1 vs FL2
plot, and that “stained, stimulated through the FcyR + ROS inhibitor” events will show decreased
fluorescence in the upper left, upper right, and lower right quadrants of the FL1 vs FL2 plot
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compared to the “stained, stimulated through the FcyR” sample (Figure 3A).

7.3.2. If these expectations are not met, for example, the “stained, stimulated through the FcyR”
sample shows minimal or no increased fluorescence when compared to the “stained,
unstimulated” sample, or the “stained, unstimulated” sample already shows markedly increased
levels of fluorescence compared to the “unstained, unstimulated” sample, check that all assay
steps were performed properly, verify appropriate generation, priming, and handling of BMDMs
(2.7-2.19), and repeat the experiment. If these expectations are met, proceed to the analysis of
the rest of the experimental samples.

NOTE: Cells producing ROS which react with the green probe (hydrogen peroxide, peroxynitrite,
hydroxyl radicals, nitric oxide, peroxy radicals, etc.) will appear in the upper right and lower right
guadrants of a log FL1 (X-axis) versus a log FL2 (Y-axis) dot plot. Cells producing ROS which react
with the orange probe (largely but not exclusively superoxide) will appear in the two upper
guadrants of a log FL1 (X-axis) versus a log FL2 (Y-axis) dot plot.

7.4. Generate individual histograms, gated on the cells of interest, for analysis of FL1 and FL2
fluorescence. Using the “unstained, unstimulated” samples, generate a histogram marker such
that all “unstained, unstimulated” events appear to the left of this marker. Apply this plot with
the marker to the rest of the experimental samples (Figure 3B).

7.5. Present the results of the experiment as the percentage of the cells positive for each of the
ROS probes or by showing the mean fluorescence intensity (MFI) of the stimulated samples
versus control (Figure 3C).

8. Cell surface staining in combination with flow cytometric analysis of ROS production
(Optional)

NOTE: This step provides a protocol for staining macrophages with a cell-surface marker prior to
stimulation of the FcyR and ROS measurement. This may be useful in assessing ROS production
in mixed cell populations. It is important to choose an antibody for macrophage surface marker
conjugated to an appropriate fluor that does not interfere with the fluorescence from the
oxidative stress or superoxide detection reagents. In this protocol, an antibody for mouse F4/80
conjugated to Alexa fluor 647 is used.

8.1 Generate BMDMs, harvest and prime them as described previously (sections 1 and 2).

NOTE: A minimum of three 6 cm plates are needed in order to perform all the experimental
controls and conditions as described below. One plate will be treated with anti-BSA 1gG1 while
serum starving while the other two plates will be left untreated.

8.1.1. Include 4 experimental controls which will be used for flow cytometric compensation (per
experiment):
a) Unstained and unstimulated cells.
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b) Cells treated with the oxidative stress detection reagent (green reagent) and ROS inducer.
c) Cells treated with the superoxide detection reagent (orange reagent) and ROS inducer.
d) Cells stained only with anti-mouse F4/80 conjugated to Alexa 647.

8.1.2. For each mouse or biological replicate, include the following 3 conditions:

a) stained with F4/80 and left unstimulated

b) stained with F4/80 and activated through the FcyR

c) stained with F4/80 and activated through the FcyR and treated with ROS inhibitor

8.2. After priming the macrophages overnight, aspirate the supernatant. Wash the cells once with
1-2 mL of PBS. Serum starve the cells by replacing the media with the same volume of low serum
DMEM. For each mouse, one plate will be treated with anti-BSA 1gG1 while serum starving, while
the other two plates will be left untreated. Incubate the plates for 4 h at 37 °C, 5% CO..

8.3. After serum starving, harvest the cells by gentle scraping or by using 0.2 mM EDTA in PBS.
Collect each plate in labeled 5 mL round bottom tubes and centrifuge them at 750 x g for 5 min.
Keep track of which cells were treated with murine anti-BSA IgGa.

8.4. Wash cell pellets once with 1-2 mL of PBS to get rid of any residual anti-BSA from the treated
cells.

8.5. Resuspend one of the cell pellets from the plate which did not get anti-BSA IgGz1in 600 pL of
low serum DMEM. These cells will not be subjected to cell surface staining. Use these for
compensation controls. Aliquot 200 pL of this cell suspension into (3) 5 mL round bottom tubes
labeled a) unstained, unstimulated b) green oxidative stress reagent + ROS inducer, c) orange
superoxide detection reagent + ROS inducer.

8.6. Resuspend one of the cell pellets from the plate which did not get anti-BSA 1gG3,in 300 pL of
flow cytometry staining buffer (PBS + 0.1% FBS). Aliquot 100 pL of this cell suspension into (2) 5
mL round bottom tubes for staining with Alexa 647 anti-mouse F4/80.

8.7. Resuspend the cell pellets from the plate which received anti-BSA 1gG1 in 300 pL of flow
cytometry staining buffer. Aliquot 100 pL of this cell suspension into (2) 5 mL round bottom tubes
for staining with Alexa 647 anti-mouse F4/80.

8.8. Stain the cells, which were aliquoted in 8.6 and 8.7, with 5 uL of Alexa 647 anti-mouse F4/80
for 30 min on ice, in the dark.

8.9. After staining, wash cells by adding 2 mL of PBS and centrifuge at 750 x g, aspirate the
supernatant, and resuspend each tube in 200 uL of low serum DMEM without phenol red. Set
aside one untreated tube to serve as singly stained FL4 control. Prepare probes, inducer, FcyR
stimulus, and ROS inhibitors as indicated in sections 3.9, 3.10, 6.1, 6.2, and 6.14.
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8.9.1. For cells not receiving anti-BSA 1gGi, label tubes with the following: a) no stimulus or b)
ROS inducer.

8.9.2. For cells which received anti-BSA 1gG1, label with the following: a) Fc XL or b) Fc XL +
inhibitor.

8.10. Stimulate the samples to be used for compensation according to their respective
treatments as indicated in 6.5-6.6, in the order that they will be read on the flow cytometer,
incorporating the lag time in between acquisition of one sample and the next.

8.11. Incubate the cells for 30 min at 37 °C, 5% CO: in dark. Analyze the samples in the order they
were stimulated using a flow cytometer equipped with an autosampler.

8.12. Perform manual compensation as described in 6.7-6.12 and data analysis as described in
section 7.

8.12. Using the flow cytometry software, generate and label 4 sample files for the control
“unstained, untreated”, “green + inducer”, “orange + inducer” and “F4/80 stained” samples,
making sure to indicate the channels/parameters to be analyzed (FSC, SSC, FL1, FL2, FL4) and

desired stop conditions (100 pL, 3 min, etc.).
8.13. Run the samples and generate dot plots to perform manual compensation.

8.13.1. For cell surface staining, generate two additional plots: FL1 (x-axis) vs FL4 (y-axis) and FL2
(x-axis) vs FL4 (y-axis). Adjust the voltages to ensure that appropriate compensation is applied as
shown in Figure 7A. Once all compensation has been properly performed, apply the
compensation matrix to all of the experimental sample files.

8.14. Once manual compensation has been performed and an experimental template is obtained,
start treatment of experimental samples as indicated in 6.13-6.15.3 and acquire samples on a
flow cytometer as described in 6.16.

REPRESENTATIVE RESULTS:

Using the protocol outlined within, we present representative data demonstrating flow
cytometric detection of ROS production resulting from stimulation of WT C57BL/6J) BMDMs
through the FcyR. As expected, we observe minimal changes in FL1 or FL2 fluorescence above
background levels in unstimulated cells (Figure 3A, compare “stained, unstimulated” vs
“unstained, unstimulated” dot plots). We observe a marked increase in FL1 and FL2 fluorescence
when cells are stimulated with FcyR cross-linking agent (Figure 3A, compare “stained and
stimulated via Fc cross-linking” samples vs “stained, unstimulated” dot plots). Lastly, when cells
were treated with ROS inhibitor prior to FcyR cross-linking, this increased fluorescence is brought
back to basal levels (Figure 3A, compare “stained and treated with ROS inhibitor and stimulated
via Fc cross-linking” vs “stained and stimulated via Fc cross-linking” dot plots). This is also evident
when data is presented as a histogram for each channel (Figure 3B) or when data is presented as
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a percentage of cells positive for either the green or orange ROS probes (Figure 3C). A similar
trend is also apparent when data is presented as MFI, although the reduction in orange
fluorescence with pre-treatment with ROS inhibitor is not captured as well when presented as
MFI versus as a percentage (Figure 3C). We also present the results of 3 independent experiments
performed on different days (Figure 3, Experiment 1, 2, and 3). The average values and
corresponding standard error of the mean are indicated in the graphs (Figure 3C).

We also present unsuccessful experimentation, where sub-optimal ROS production as a result of
FcyR stimulation was observed (Figure 4). A minimal increase in FL1 and FL2 fluorescence was
detected when comparing “stained and stimulated via Fc cross-linking” samples vs “stained,
unstimulated” samples (Figure 4A,B,C). This is presented alongside a successful experiment to
highlight the large differences between the expected percentages or MFI increases and the
observed values in the unsuccessful experiment.

The current protocol utilizes a 24 h priming step. When comparing a 24 h versus a 48 h priming
time, we observed no marked difference in the percentage of cells positive for the green,
oxidative stress reagent (Figure 5A, top histograms and Figure 5B green probe, % positive).
However, increasing the priming time to 48 h did increase the percentage of cells positive for the
orange fluorescence (Figure 5A, lower histograms and Figure 5B orange probe, % positive). This
was similarly reflected when data was presented as MFI. This suggests that for optimal detection
of all ROS species, a 48 h priming time may be more ideal.

Given that, due to the cost or the time needed for experimentation, use of a kit to perform this
assay may not be an option. For this reason, we also tested similar components to those provided
in the kit and purchased these from standard vendors (Thermofisher, EMD Millipore, Cayman).
We find that using individually procured components and the same experimental protocol for
cell loading and FcyR stimulation, we can recapitulate many of the same findings we observed
using the kit (Figure 6A,B). However, although increases in fluorescence were apparent with
stimulation, a higher level of ROS production was observed using the kit. This may indicate that
use of individually procured components may be feasible but would need to be further optimized
for this specific assay.

Lastly, we demonstrate that it is also possible to combine cell-surface staining with these ROS
probes. We use a known macrophage marker, F4/80, conjugated to Alexa 647 and perform cell
surface staining prior to treatment with ROS inhibitor, ROS inducer, or specific stimuli to induce
ROS production. We demonstrate in Figure 7B that macrophages respond as expected when
treated with FcyR crosslinking agent and FcyR crosslinking agent + ROS inhibitor (Figure 7B,
orange vs green dot plots). Furthermore, we can observe increased orange or green fluorescence
specifically generated by the F4/80 labeled cells upon treatment with FcyR crosslinking agent and
reduced with pre-treatment with ROS inhibitor (Figure 7B, F4/80 vs green and F4/80 vs orange
dot plots).

FIGURE AND TABLE LEGENDS:
Figure 1: Flow cytometric assessment of appropriate generation of BMDMs. Wild type BMDMs
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were generated and were left either unstained or stained with FITC anti-mouse F4/80 or Alexa
647 anti-mouse CD11b. FSC (x-axis) vs SSC (y-axis) plots were generated and macrophages
(BMDMs) were gated to exclude dead cells and debris. Using a plot of FSC-H(x-axis) vs FSC-A (y-
axis), a singlet gate was generated. Gating on singlets, histograms were generated to show cells
stained with either FITC F4/80 or APC CD11b in comparison to the isotype stained control. A)
Correct BMDM differentiation with more than 95% of cells staining positive for CD11b or F4/80.
B) Incorrect BMDM differentiation where less than 95% of cells are staining positive for F4/80
and 2 peaks are present for CD11b.

Figure 2. Performing compensation when using green and orange ROS probes. Compensation
will require unstained untreated cells, cells stained with green ROS probe and treated with ROS
inducer, and cells stained with orange ROS probe and treated with ROS inducer. Dot plots for
unstained untreated cells are used to determine quadrant gates. Data for cells singly stained with
either green ROS probe or orange ROS probe and treated with ROS inducer are shown prior to,
and after, compensation was applied. The compensation matrix is then applied to all subsequent
experimental samples.

Figure 3. Measurement of ROS in response to specific FcyR stimulation using green and orange
ROS probes and assessment of assay reproducibility. Wild-type bone marrow-derived
macrophages (BMDMs) were generated, primed, and were left either unstained or stained with
a cocktail of green and orange ROS probes. Stained BMDMs were either left untreated,
stimulated through their FcyRs using murine anti-BSA 1gG1 + BSA for 30 min, or treated with ROS
inhibitor prior to stimulation via FcyR cross-linking. A) Dot plots, showing an increase in the
percentages of cells in the upper left, upper right, and lower right quadrants upon specific FcyR
stimulation, which is reduced in the presence of ROS inhibitor. B) Histograms of each
fluorescence channel, showing the marker gate to determine cells positive for each probe. C)
Presentation of the data as a percentage of cells positive for each probe or as an increase in MFI.
Three independent, representative experiments are presented. The mean for the 3 experiments
and standard errors of the mean are shown as lines within the graphs. Fc XL, Fc cross-linking;
NAC, N-acetyl-L-cysteine.

Figure 4. Examples of successful and suboptimal FcyR stimulation. Wild-type bone marrow-
derived macrophages (BMDMs) were generated, primed, and were left either unstained or
stained with a cocktail of green and orange ROS probes. Stained BMDMs were either left
untreated, stimulated through their FcyRs using murine anti-BSA 1gG1 + BSA for 30 min, or treated
with ROS inhibitor prior to stimulation via FcyR cross-linking. Representative results for successful
and suboptimal stimulation are shown as A) dot plots, B) histograms, or C) the percentage of cells
positive for each probe or as an increase in MFIl. Successful stimulation shows increased
fluorescence in the upper left, upper right and lower right quadrants of the FL1 vs FL2 plot and
increased MFI and percentage of positive cells stained with each probe upon FcyR stimulation.
Suboptimal stimulation shows minimal increase in MFI or percentage of positive cells. Fc XL, Fc
cross-linking; NAC, N-acetyl-L-cysteine.
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Figure 5. Effect of priming time on ROS generation upon FcyR stimulation. BMDMs were
generated, primed for either 24 or 48 h, and were left either unstained or stained with a cocktail
of green and orange ROS probes. Stained BMDMs were either left untreated, stimulated through
their FcyRs using murine anti-BSA 1gG1 + BSA for 30 min, or treated with ROS inhibitor prior to
stimulation via FcyR cross-linking. A) Histograms for the fluorescence induced by each probe
upon stimulation of macrophages primed for either 24 or 48 h. B) Percentage of cells positive for
each probe upon stimulation of macrophages primed for either 24 or 48 h. Priming macrophages
for 48 h resulted in an increase in percent of cells positive for orange fluorescence (or an increase
in the MFI for the FL2 channel) compared to priming the macrophages for 24 h. The mean for the
3 experiments and standard errors of the mean are shown as lines within the graphs. Fc XL, Fc
cross-linking; NAC, N-acetyl-L-cysteine.

Figure 6. Flow cytometric ROS measurement upon FcyR cross-linking using reagents from
different vendors. BMDMs were generated, primed for 24 h, and were left either unstained or
stained with a cocktail of oxidative stress and superoxide detection probes. Stained BMDMs were
either left untreated, stimulated with ROS inducer, stimulated through their FcyRs using murine
anti-BSA 1gG; + BSA for 30 min, or treated with ROS inhibitor prior to stimulation via FcyR cross-
linking. Probes, ROS inducer and ROS inhibitor were used either from the kit or were purchased
separately from different vendors and used at a similar concentration. A) Dot plots showing a
side-by-side comparison of results obtained using kit and non-kit components. B) Histograms
showing a side-by-side comparison of results obtained using kit and non-kit components. Fc XL,
Fc cross-linking; NAC, N-acetyl-L-cysteine.

Figure 7. Combining cell-surface staining with flow cytometric measurement of ROS production
upon FcyR cross-linking. A) Dot plots for the various fluorescent channels using unstained or
singly stained compensation controls. Wild-type BMDMs were generated, primed for 24 h, and
were left either unstained, stained with Alexa 647 anti-mouse F4/80 only, stained with green ROS
probe only and treated with ROS inducer, or stained with orange ROS probe only and treated
with ROS inducer. Dot plots for unstained untreated cells are used to determine quadrant gates.
Plots demonstrate expected results if channels are correctly compensated. The compensation
matrix was then applied to all subsequent experimental samples. B) Wild-type BMDMs were
generated, primed for 24 h and stained with Alexa 647 anti-mouse F4/80. Afterward, BMDMs
were either left unstimulated, stimulated through their FcyRs using murine anti-BSA 1gG; + BSA
for 30 min, or treated with ROS inhibitor prior to stimulation via FcyR cross-linking. Dot plots
demonstrate that green or orange fluorescence specifically produced by F4/80+ cells can be
detected.

DISCUSSION:

DCFH»-DA and DHE-based detection of ROS is a widely-used technique!*!>, Ease of use and the
adaptability of these ROS probes for kinetic microplate formats, fluorescence microscopy or flow
cytometric analysis has contributed to their popularity. However, in our studies of FcyR-mediated
macrophage functions, there did not seem to be a standard protocol for performing this assay
for flow cytometric analysis of FcyR cross-linked cells. Given the reactive nature of the analytes
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being assessed, we have found that timing is of crucial importance in making sure that
reproducibility is achieved. Although we have also performed kinetic microplate assays, there
can be a wide variability in the intensity of fluorescence from experiment to experiment, making
it difficult to aggregate biological replicates for statistical analysis. Flow cytometric use of these
probes allows for quantification of “ROS positive” cells which resolves some of these issues but
is not without complications. This is especially true when using a flow cytometer equipped with
an autosampler. In this case, analysis of a large number of samples will impact the amount of
time the cells are exposed to various stimuli. To mitigate this, we have incorporated the lag time
in between sample analysis into the protocol to make sure that the analysis is performed on cells
stimulated for a similar amount of time.

Another important factor in flow cytometric ROS analysis is the inclusion of appropriate controls.
It cannot be overstated that every experiment must have (at least) all the experimental and
compensation controls we list in this protocol. These are important to ensure the validity of each
experiment as well as to be able to justifiably exclude samples if needed. Some examples of this
include if macrophages did not differentiate/mature appropriately and exhibited much lower
ROS production even with inducer treatment. Another case could be inappropriate activation of
macrophages even prior to FcyR cross-linking, resulting in a high basal ROS signal. Use of ROS
inhibitors in conjunction with specific FcyR cross-linking showing disappearance of fluorescent
signals is another important control we have often found lacking in other studies performing
similar assays. The ROS inhibitor used in this study, N-acetyl-L-cysteine, is regarded as a universal
ROS inhibitor. However, if one is interested in ROS produced by specific enzymes, other specific
ROS inhibitors can be included in the assay as well. Some examples include mefanamic acid
(cyclooxygenase-dependent ROS inhibitor), apocynin (NADPH oxidase-dependent ROS inhibitor),
or allopurinol (a xanthine oxidase-dependent ROS inhibitor).

It is additionally crucial to understand what is actually being measured in this readout. As
previously mentioned, DCFH,-DA measures multiple ROS species, and so, fluorescence resulting
from the green probe cannot be used to discriminate one ROS species from another!?. Likewise,
the orange probe (likely DHE), although often cited as superoxide specific, can produce both
superoxide-specific and superoxide-independent oxidation products, which cannot be
distinguished without the use of additional techniques such as HPLC*®. However, for the purposes
of measuring “total ROS” or “induced ROS” during the respiratory burst, use of these probes
alongside the appropriate controls, may be acceptable. Many new fluorescent based ROS sensors
have emerged or are being developed!!3, Some, such as the redox-sensitive fluorescent
proteins, have the advantage of a dynamic measurement of ROS production due to their
reversible oxidation. However, these would require genetic manipulation of cells, which may not
always be feasible or desired. In many cases, fluorescent probe-based ROS detection is still a valid
and useful tool, as long as the experiment is standardized, well-controlled, and the conclusions
derived from such experiments are not overstated.

The benefits to using this commercially available ROS kit is that all necessary reagents including
ROS inducers, scavengers, and titrated probes are included and “ready-to-use”. If the period of
experimentation is anticipated to be brief (completed within a week), this kit can provide a more
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cost-effective method for performing flow cytometry-based ROS detection without the need to
buy or optimize each specific component individually. We additionally demonstrate using this kit
with a specific agonist (FcyR stimulation) and demonstrate reproducibility across experiments;
we assess effects of priming times on ROS generation; we compare using similar probes,
inhibitors, and inducers from different companies; we provide examples of unsuccessful
experimentation; and lastly, we combine cell-surface staining with use of these ROS probes. This
would potentially allow for simultaneous detection of ROS from different cell types within a
mixed population, requiring less sample and reagents. For example, this might be particularly
useful when differentiating between macrophage and neutrophil-derived ROS, the main cell
types capable of responding to FcyR ligation. For multiple experiments which have to be
performed with long intervening periods in between, use of a kit might not be as ideal. Multiple
aliquots of the probes are not provided and once reconstituted, the manufacturer only
recommends that reagents be used within a week (as ROS probes are highly reactive). If it is
anticipated that this period is incompatible with experimentation, we recommend that individual
reagents rather than a kit be purchased separately and reconstituted only during the day of
experimentation. As we demonstrate here, further optimization of the individually purchased
components may additionally be needed prior to the assay. Overall, we hope that this work
provides a useful resource for researchers using flow cytometry to reproducibly measure ROS
generation.
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Fetal Bovine Serum (FBS)
FITC Rat IgG2a, k Isotype Ctrl
Antibody

HEPES (1M)
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
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Article is included. All non-copyright intellectual property
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5. Grant of Rights in Video — Standard Access. This
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summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all
provisions contained hérein that are not in conflict with
such statute shall remain’in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JOVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
loVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or
independent contractdrs. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission.

CORRESPONDING AUTHOR

Mals Justine T. Tigno-Aranjuez

Bepaumet; Burnett School of Biomedical Sciences, Division of Immunity and Pathogenesis
Institution: University of Central Florida

Title: Flow Cytometric Measurement of ROS Production in Macrophages in Response to
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Please submit a signed and dated copy of this license by one of the following three methods:
1. Upload an electronic version on the JoVE submission site

2. Fax the document to +1.866.381.2236

3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Response to Editorial Comments Click here to access/download;Rebuttal Letter;Response to
editorial comments 121718.docx

December 17, 2018

To the Editors of JoVE:

We thank you for your prompt review of the manuscript. Please find below the editorial revisions which
have been requested and our response to address each of them. The line numbers correspond to the
revised (unmarked, untracked) document. We hope you find this version of the manuscript clearer and
free of formatting errors.

Sincerely,

g

Justine Tigno-Aranjuez

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no
spelling or grammar issues.

We have additionally corrected the following typographical errors as indicated below.
Line 350: “to” replaced with “into”.

Line 391: extra space removed.

Line 487: uppercase corrected to lowercase.

Line 612: step 3.10 has been added.

Line 627: step 6.13 has been corrected to 6.12.

Line 694: “FcgR” corrected to “FcyR”.

Line 696: “FcgR” corrected to “FcyR”.

Line 718: extra space removed.

Line 835: extra space removed.

2. Please do not highlight notes/cautions for filming.

Highlighting of notes was removed from lines: 182, 196 and 477.

3. The highlighted protocol steps are over the 2.75 page limit. Please highlight fewer steps for filming.
Fewer steps have been highlighted as requested.

4. The Summary is over the 50 word limit.
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This has been corrected and the summary now is 49 words.

Line 24: The words” fluorescent probes” has been removed from line 24.

Line 25: “as a result of stimulation of macrophages through the FcyR” has been reworded to “resulting
from activation of the FcyR”.

Line 27: The word “and” has been changed to “or”

Line 27: The word “Fcy receptor” has been replaced with “FcyR”.

5. Please use a single space between numerical values and their units.

This has been corrected in lines 79, 84, 85, 104, 105, 110, 111, 114, 117, 120, 123, 128, 129, 132, 133,
134, 137, 138, 148, 154, 155, 158, 159, 161, 162, 163, 164, 166, 174, 176, 177, 178, 179, 184, 185, 188,
190, 191, 193, 200, 202, 203, 204, 210, 213, 215, 216, 218, 219, 221, 223, 225, 227, 229, 242, 244, 254,
255, 261, 262, 267, 270, 271, 273, 276, 281, 282, 284, 285, 288, 289, 293, 295, 297, 298, 318, 319, 322,
323, 333, 338, 340, 341, 345, 348, 350, 352, 353, 354, 355, 356, 357, 362, 375, 376, 377, 378, 381, 383,
385, 386, 391, 407, 408, 411, 416, 445, 446, 460, 462, 463, 468, 471, 474, 475, 480, 563, 580, 582, 584,
585, 589, 592, 594, 598, 599, 602, 603, 602, 603, 606, 607, 609, 610, 624, 633, 672, 675, 678, 706, 707,
722,735, 747, 761, and 778.

6. Please use standard Sl unit symbols and prefixes such as uL, mL, L, g, m, etc., and h, min, s for time
units.

This has been corrected in lines 128, 137, 154, 155, 161, 176, 177, 191, 203, 213, 216, 223, 225, 229,
254,261, 281, 282, 284, 285, 297, 298, 319, 323, 383, 416, 460, 462, 463, 468, 471,472,474, 475, 478,
585, 589, 633, 672, 675, 678, 722, 735, 745, 747, 749, 750, 751, 752, 758, 761, 770, 776, and 778.

7. Please split some long steps into two or more sub-steps so that each step contains 2-3 actions and is
less than 4 lines.

This has been corrected as indicated below.

Line 103, section (1.1.1.): Additional details were put in a separate note.
Line 136, section (1.2.3): Additional details were put in a separate note.
Line 184, section (2.3): The long steps were split into two sub-steps.

Line 284, section (3.9): The long steps were split into 2 steps (3.9 and 3.10).
Line 365, section (5.8): Additional details were put in a separate note.

Line 435, section (6.12): Additional details were put in a separate note.
Line 486, section (7.1): Additional details were put in a separate note.

Line 495, section (7.2): Additional details were put in a separate note.

Line 511, section (7.3): Additional details were put in a separate note.

8. Step 7.2, 7.3: Please ensure that all text is written in the imperative tense.



Line 495, section (7.2), text was rephrased to be written in imperative tense and additional details were
put in a separate note.

Line 511, section (7.3), text was rephrased to be written in imperative tense and additional details were
put in a separate note.

9. Please remove trademark (™) and registered (®) symbols from the Table of Equipment and Materials.
The registered symbol was removed from row 2, 5 and 7 in the table of materials.

The trademark symbol was removed from row 20 in the table of materials.
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We thank the reviewers for their thoughtful criticism of our work and for their suggestions to
improve the manuscript. We have incorporated their recommendations into the revised
manuscript and believe that this makes it a clearer, more useful resource for others. Line and
page numbering in the response lines refer to the revised manuscript.

Editorial comments:

Changes to be made by the author(s) regarding the manuscript:

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are
no spelling or grammar issues. We have corrected additional small typographical errors which
we found.

2. Please revise lines 391-398 to avoid previously published text. This has been revised.

3. Keywords: Please provide at least 6 keywords or phrases. We added in an additional term to
make it 6 key words.

4. Please expand the Summary to briefly describe the applications of this protocol. This has
been added (lines 27-30).

5. Please define all abbreviations before use. This has been corrected (expanded in key words).
6. Please revise the protocol to contain only action items that direct the reader to do something
(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in
complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,”
and “would be” throughout the Protocol. Any text that cannot be written in the imperative
tense may be added as a “Note.” Please include all safety procedures and use of hoods, etc.
However, notes should be used sparingly and actions should be described in the imperative
tense wherever possible. Please move the discussion about the protocol to the Discussion.

The use of “should” has been removed and “Notes” have been added.

7. Please add more details to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol.
Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively,
add references to published material specifying how to perform the protocol action. See
examples below. Additional clarifications and details have been added to the protocol. The
specific points have also been addressed.

8. 1.1: Please list an approximate volume of media to prepare. This has been added as “Notes”
in lines 115-116, 122-123, 128-129.

9. 1.2.1: Please provide the composition of LADMAC growth media. If it is purchased, please
cite the Table of Materials. This is defined under 1.1.2, lines 118-120.

10. 1.3.4: Please specify the size of the petri dish. This was added in line 166.

11. 2.2: Please specify the concentration of Trypsin-EDTA. This was added in line 181.

12. 4.1 and 4.2, etc.: Please write the text in the imperative tense. Any text that cannot be
written in the imperative tense may be added as a “Note.” This has been edited and tense has
been changed in lines 305 and 313.

13. 5.5: What volume of PBS is used to wash? Please specify. This has been added in line 348.
14. Lines 328-335: Please list them as sub-steps. This has been edited in lines 471-478.
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15. 7.2, 7.4: Please point out the specific steps that are being repeated here. The compensation
correction section has been deleted and incorporated into the text to occur earlier as suggested
by a reviewer.

16. 8.4: Please describe how to perform manual compensation. This is now described in
sections 6.5-6.12.

17. After you have made all the recommended changes to your protocol (listed above), please
highlight 2.75 pages or less of the Protocol (including headings and spacing) that identifies the
essential steps of the protocol for the video, i.e., the steps that should be visualized to tell the
most cohesive story of the Protocol. These parts have been highlighted.

18. Please highlight complete sentences (not parts of sentences). Please ensure that the
highlighted part of the step includes at least one action that is written in imperative tense.
Please do not highlight any steps describing anesthetization and euthanasia. This has been
noted during highlighting.

19. Please include all relevant details that are required to perform the step in the highlighting.
For example: If step 2.5 is highlighted for filming and the details of how to perform the step are
given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be
highlighted. This has been noted during highlighting.

20. Please include at least one paragraph of text to explain the Representative Results in the
context of the technique you have described, e.g., how do these results show the technique,
suggestions about how to analyze the outcome, etc. The paragraph text should refer to all of
the figures. However for figures showing the experimental set-up, please reference them in the
Protocol. Data from both successful and sub-optimal experiments can be included.

Paragraphs describing the results have been added along with additional figures and
descriptions of sub-optimal experiments.

21. Discussion: Please discuss any limitations and future applications of the technique. This has
been added.

22. Please remove the embedded figure(s) from the manuscript. This has been removed.

23. Table of Equipment and Materials: Please sort the items in alphabetical order according to
the Name of Material/ Equipment. This has been edited.

24. References: Please do not abbreviate journal titles. Although the JoVE EndNote style file
was used and the “Do not abbreviate journal titles” was selected, abbreviation was still applied
by the program. Our apologies for this technical difficulty.

Reviewers' comments:

Reviewer #1:

Manuscript Summary:

This manuscript describes a method for determining production of ROS in murine-bone
marrow-derived macrophages stimulated by their receptors for IgG (FcgR). It uses
simultaneously two fluorescent probes: 2',7' DCFH2-DA), which when oxidized to DCF is
fluorescent and can be detected in the fluorescein (FL1) channel, and dihydroethidium (DHE),



which is oxidized to hydroxyethidium that is fluorescent at different wavelengths and can be
detected in the FL2 channel.

The manuscript is overall well-written and the procedure is clearly explained. | have just minor
concerns (below)

Minor Concerns:

1) As the manuscript describes the use of a commercial kit, it is strange that the manufacturer
and catalog number is not given in the materials and methods section. Is this because of journal
policies? This is indicated in a separate Materials file during the submission.

Also, it would be desirable if the authors comment on the use of different kits and/or using the
same fluorescent probes obtained from another manufacturer. This can benefit the readers
that may already have in their labs some of the reagents used in the kit. We have performed
this and present the results in new Fig 6.

2) For differentiation of macrophages the authors recommend LADMAC conditioned médium.
The use of L929 conditioned medium seems to me to be more common in the literature. Have
the authors comments for the use of LADMAC medium over the use of L929 medium or the
direct addition of M-CSF to the medium? Again, it would be useful to share their experience for
users that may have used other sources of M-CSF to differentiate the bone marrow cells.

We, personally, have not done a side-by-side comparison between LADMAC conditioned media,
L929 conditioned media, or recombinant cytokines. However, a former colleague who has used
both LADMAC and L929 conditioned media reported that better results were obtained with
LADMAC supernatants.

3) The ROS signal after FcgR stimulation seems to be rather small. Have the authors primed
their cells for longer than 24 hours?. In many labs, IFN priming is carried out for 48 hours. Is the
lenght of the priming critical? Could different priming times optimize the amount of ROS
produced by the phagosomal NADPH oxidase? We have performed these suggested
experiments and, indeed, we do see increased ROS as detected by the orange probe with
extended priming time but no differences in ROS detected by the green probe (new Fig 5).

4) Finally, the authors underline the importance of performing the measurements at the exact
amount of time (30 minutes) after addition of all reagents, for all samples. They advise to add
the necessary reagents to each tube taking into consideration the time that the cytometer
takes to analyze one sample and move on to the next. | fully agree with them. And because of
this, | consider that the time needed for a proper calibration might be longer, as usually it needs
some adjustments to the instrument and re-analyzing the one-color samples. Thus, maybe a
note could be included to warn the reader of the possibility of considering more time for the
calibrating samples. Thank you for this note. We have re-written the protocol to incorporate
the compensation step prior to sample analysis to ensure this will not impact the stimulation
times in the cases where no templates or after-the-fact compensation is available.

Reviewer #2:

Manuscript Summary:

In this paper, Shehat et al describe an alternative method to detect ROS production in a single
cell level. The protocol is very clear and will be of interest of other readers.



Major Concerns:

The major concern is that this method is based on a kit that authors use to run their ROS
guantification. It would be very important to validate how necessary is to use such kit in
comparison to other reagents that can be purchased in the market (not belonging to a kit).
Regarding the costs, again, what would be the advantages of using a kit in comparison to use
other fluorescent reagents? \We have performed a comparison with individually obtained
reagents and present the results in new Fig 6. We additionally mention in the text the benefits
of using the kit versus individual reagents and, depending on how fast experimentation is
expected to take place, suggest use of one or the other.

Also, it would be very relevant if certain populations of cells could be simultaneously stained by
other anti-bodies allowing the assessment of ROS production in different cell populations. We
have performed this suggestion and added the results as new Fig 7.

Minor Concerns:
None

Reviewer #3: In the manuscript, the authors demonstrate and describe in detail how FcyR-
induced ROS production by macrophages can be measured employing fluorescent probes and
flow cytometry. The protocol is well written, understandable and allows for easy reproduction
by the reader. They provide an endpoint assay for flow-cytometric measurement of production
of intracellular ROS. | understand that the assay displays, as stated by the authors, an inter-
assay variability, which authors try to resolve by reporting their results as the ratio/percentage
of ROS-positive cells, which seems to be a good technical solution for the superoxide detection
reagent, where it is clear (Figure 2, bottom row, right panel) that FcyR stimulation results in a
portion of cells producing ROS, and a large portion not producing any ROS. Could the authors
comment on, from a biological perspective, the fact that rather than all cells producing a certain
amount of ROS, which would result in a peak shift, only a fraction of cells seem to respond to
the stimulation, despite similar treatment? This is a good point. We have no definitive answer
for this except that for many other biological responses we study, where cells are supposedly
uniform (even cell lines) and the stimulus is consistent, only a fraction of cells can be seen to
respond (for example, degranulation assays, intracellular cytokine experiments where mitogen
is applied). The shortcomings could be a result of the technique or a limitation of the approach,
where the sensitivity might not be high enough, or the signal is too transient.

As is clear from Figure 2, bottom row, left panel (oxidative stress reagent), it seems like rather
than a portion of cells becoming positive, the peak widens, and also shifts to the right,
especially as compared to the bottom condition (FcyR stimulation plus ROS inhibitor). Is it
possible to represent results in terms of MFI, instead of ROS positivity, normalized to stained
but not stimulated cells? Can this aid in decreasing inter-assay variability? Thank you for this
suggestion. We now present the data as both percentages and as MFI. Although largely
mirroring each other, with regards to the effect of the ROS inhibitor, percentages seem to



better reflect what is occurring visually from the dot plots or histograms (especially with the
superoxide detection reagent).

All'in all, it is I think very important to see how reproducible the assay is, as whole experiments
cannot always be performed in one single assay on one day. Could the authors show more than
one representative results so that the reader can get a feel of what amount of variation it is to
be expected? Yes, this is a very relevant suggestion. We show 3 independently performed
experiments (performed on different days) side by side in new Fig 3 and present the mean and
SEM values for our results.



