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SUMMARY

Macrophages are key players in host defense and lung injury, and their crosstalk

with other cells dictates the course of the inflammatory response and tissue re-

modeling. Here, we present a protocol for isolating extracellular vesicles (EVs)

from human bronchoalveolar lavage fluid (BALF) and for generating EVs from pri-

mary human or murine alveolar macrophages following stimulation by cigarette

smoke extract. Furthermore, we describe how to measure matrix metalloprotei-

nase (MMP)-12 activity on macrophage-derived EVs using a Förster resonance

energy transfer assay.

BEFORE YOU BEGIN

Macrophages play a critically important role in the human innate immune response, particularly

within the lungs. The role of macrophage plasticity and fate in lung injury depends on their interac-

tions with other inflammatory cells and the lung microenvironment, which collectively shape disease

pathology.1 Therefore, clarification of the granular mechanisms driving cell-to-cell crosstalk in acute

and chronic lung disease is critical to advancing our understanding of the pathobiology at play and

identification of novel therapeutic targets.

EVs are 50–200 nm lipid bilayer vesicles secreted from all cells that can shuttle various proteins and

nucleic acids between cells.2 EVs play a role in many cellular events, such as maintaining cellular ho-

meostasis, immune responses, cellular communication, cell-extracellular matrix interaction, cancer

formation and progression, and epithelial damage. EVs can be isolated from liquid biological spec-

imens such as blood, urine, BALF, cerebrospinal fluid, and cell culture medium.3–5 EVs have been

identified as reliable disease biomarkers, such as in cancer or in autoimmunity, and they have also

been exploited for therapeutic treatment, opening a new era of medicine.6–8

Isolation and characterization of quantity and quality of EVs from BALF gives an accurate represen-

tation of the lung microenvironment. Indeed, while presence of macrophage-derived and epithe-

lium-derived EVs has been detected at homeostasis, changes in cargo of these EVs have been

described in airway diseases.9–12 On the other hand, the appearance of EVs from other inflammatory

cell types, such as neutrophils and eosinophils, has been shown to be a reliable biomarker of disease
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progression.9,13,14 We and others have demonstrated the important role of EVs in airway disease

pathogenesis, including, but not limited to, modulation of epithelial and fibroblast activation,12

as well as augmentation of protease activity and tissue remodeling due to increased resistance to

tissue anti-proteases.3,4

This protocol details how to isolate primary alveolar macrophages from human and murine BALF and

stimulating macrophages ex vivo using CSE for the purpose of generating macrophage-derived EVs

for further experimentation (e.g., intratracheal instillation into naı̈ve mice or treatment of human or

mouse primary lung microvascular endothelial or lung epithelial cell cultures). Furthermore, we

describe how to isolate EVs directly from human or mouse BALF for clinical characterization or future

experimentation. Finally, we detail how to measure the enzymatic activity of MMP-12 (human macro-

phage elastase15), a well-characterized enzyme secreted by macrophages that is integrally involved

in extracellular matrix remodeling in a host of inflammatory conditions,16–19 on the surface of macro-

phage-derived EVs using a FRET assay to provide a functional readout of these EVs as both a

biomarker of disease and confirmation of enzymatic activity prior to future experimental use.

Institutional permissions

Before proceeding, ensure that your laboratory has obtained express approval from your local Insti-

tutional Animal Care and Use Committee (IACUC) to work with mice and that each person involved in

procedures involving mice has the appropriate institutional training for the care and use of mice. To

work with human-derived specimens, ensure that your laboratory has obtained the appropriate

approval from your local Institutional Review Board (IRB) and that all laboratory members interacting

with human specimens have obtained the appropriate health and safety training according to local

institutional guidelines. Data presented in this manuscript were obtained from animal studies that

were performed in accordance with the Animal Welfare Act following the approval of the University

of Alabama at Birmingham’s IACUC (protocol 23087) and from studies involving human BALF after

obtaining written, informed consent in accordance with the University of Alabama at Birmingham’s

IRB (protocol 161121004).

Preparation of DMEM, 10% FBS

Timing: 30 min

This step describes the preparation of DMEM, 10% v/v FBS for in vitro culture of primary alveolar

macrophages.

1. Thaw fetal bovine serum (FBS) at 37◦C.

2. In a biosafety cabinet, add 50 mL FBS to 450 mL DMEM and mix thoroughly.

3. Filter using a sterile 0.2 μm vacuum-assisted 500 mL filter bottle.

4. Store at 4◦C for up to 6 months.

Note: For protection from potential contamination, aliquot 50 mL DMEM, 10% FBS into ten

50 mL sterile conical tubes and store at 4◦C.

Preparation of EV-depleted 1X PBS(− /− ) and DMEM (without FBS)

Timing: 1–4 h

This step describes two methods for depleting 1X PBS(− /− ) or DMEM (without FBS) of residual EVs.

Note: It is essential to use EV-depleted 1X phosphate buffered saline without calcium and

magnesium [PBS(− /− )] and Dulbecco’s modified Eagle’s medium (DMEM) during the alveolar

macrophage isolation and treatment procedures in addition to the EV isolation procedure to
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ensure a pure yield of macrophage-specific EVs. Using non-EV-depleted 1X PBS(− /− ) or

DMEM may give a falsely elevated EV concentration reading (Figure 1).

Note: Ultracentrifugation (Step 5) is recommended when larger volumes (>20 mL) of 1X PBS or

DMEM are needed, whereas the use of centrifugal filtration (Step 6) is recommended when

smaller volumes (<10 mL) will be used.

CRITICAL: Following EV depletion of DMEM, DMEM must be filtered through 0.2 μm filter

syringe or vacuum-assisted filter bottle before use in culture with human primary

macrophages.

5. Deplete 1X PBS(− /− ) or DMEM of EVs using ultracentrifugation:

a. Centrifuge 33 mL of solution at 150,000 x g for 2 h using a swinging bucket ultracentrifuge with

25 x 89 mm polyallomer open-top ultracentrifuge tubes.

Note: Ensure that the filled tubes are equivalent in mass and are inserted into the ultracentri-

fuge rotor in a balanced configuration.

b. Transfer the supernatant to a sterile 50 mL conical tube, careful not to disturb the particle pel-

let at the bottom of the tube.

c. Store 1X PBS at 20◦C–22◦C.

d. Filter DMEM through a 0.2 μm filter syringe or vacuum-assisted filter bottle and store at 4◦C.

6. Deplete 1X PBS(− /− ) or DMEM of EVs using centrifugal filtration:

a. Assemble a 4 mL 100 kDa MWCO centrifugal filter according to manufacturer specifications.

b. Add 4 mL of the respective solution to the filter and centrifuge at 5,000 x g for 2 min to hydrate

the filter.

c. Discard the filtrate within the collection tube and replace the filter in the collection tube.

d. Add 2 mL of respective solution to the filter and centrifuge at 5,000 x g for 5 min.

e. Transfer the EV-depleted filtrate in the collection tube to a sterile 50 mL conical tube for future

use.

f. Store 1X PBS at 20◦C–22◦C.

g. Filter DMEM through a 0.2 μm filter syringe or vacuum-assisted filter bottle and store at 4◦C.

Note: Centrifugal filters may continue to be used to deplete 1X PBS of EVs until the filter be-

comes clogged. We recommend single use of centrifugal filters to deplete DMEM of EVs to

prevent bacterial contamination of DMEM.

Figure 1. Effect of EV depletion on particulate concentration of buffers
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Preparation of NaCl solutions for red blood cell lysis

Timing: 2 h

This step describes the preparation of NaCl solutions to lyse red blood cells (RBC) after collecting

airway cells from human or mouse BALF.

7. Dissolve 0.8 g NaCl in 500 mL double-distilled water to prepare 1.6% w/v NaCl.

8. Add 62.5 mL 1.6% NaCl to 437.5 mL double-distilled water to prepare 0.2% w/v NaCl.

9. Autoclave both solutions and filter using a 0.2 μm vacuum-assisted 500 mL filter bottle.

10. Store both solutions at 4◦C and use cold.

Preparation of 1X PBS(− /− ), 1% v/v Tween 20 buffer for nanoparticle analysis

Timing: 10 min

11. Add 5 mL Tween 20 to 495 mL 1X PBS(− /− ) and mix with a magnetic stirrer until Tween 20

dissolves.

12. For use with the Spectradyne nanoparticle analyzer bottles:

a. Filter 480 mL PBS-T through a vacuum-assisted 0.2 μm vacuum-assisted filter bottle.

b. Store at 20◦C–22◦C for up to 6 months.

13. For use during nanoparticle analysis:

a. Filter 20 mL PBS-T using a 0.02 μm syringe filter and 20 mL Luer-Lok syringe.

b. Store at 20◦C–22◦C for up to 6 months.

Note: Allow bubbles in PBS-T to resolve prior to use.

Preparation of stock solutions for the reconstitution buffer for recombinant MMP-12 and for

the FRET assay buffer

Timing: 30 min

This step describes how to prepare the necessary stock solutions for the buffer to reconstitute lyoph-

ilized recombinant human MMP-12 (rhMMP-12) or recombinant mouse MMP-12 (rmMMP-12) and

the buffer used in the FRET assay.

14. Dissolve 2.92 g NaCl in 50 mL molecular grade water to generate a 1 M NaCl stock solution.

15. Dissolve 1.38 g CaCl2 in 50 mL molecular grade water to generate a 0.25 M CaCl2 stock solution.

16. Dissolve 14.38 mg ZnSO4 in 50 mL molecular grade water to generate a 1 mM ZnSO4 stock

solution.

17. Filter each solution using a 0.2 μm syringe filter.

18. Store at 20◦C–22◦C for up to 6 months.

Preparation of reconstitution buffer for recombinant MMP-12

Timing: 30 min

This step describes how to prepare a buffer that supports the enzymatic activity of both rhMMP-12

and rmMMP-12 as respective positive controls when performing the MMP-12 FRET assay using EV

samples from human or mouse BALF or primary alveolar macrophages.
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19. Combine 100 μL 1 M 2-(N-morpholino)ethanesulfonic acid (MES), 1 mL 1 M NaCl, 4 μL 0.25 M

CaCl2, 10 μL 1 mM ZnSO4, 20 μL 50% w/v polyethylene glycol (PEG), and 8.866 mL molecular

grade water to generate 10 mL of a 10 mM MES, 100 mM NaCl, 100 μM CaCl2, 1 μM ZnSO4,

0.1% w/v PEG buffer solution.

20. Add 10 mg 3-((3-cholamidopropyl)dimethylammonio)-1-propanesulfonate (CHAPS) powder to

the 10 mL buffer solution prepared in Step 19 and mix thoroughly.

21. Adjust the pH of the buffer solution prepared in Step 20 to 6.0 to generate the final reconstitu-

tion buffer.

22. Filter the reconstitution buffer through a 0.2 μm syringe filter and store at 4◦C for up to 6 months.

Preparation of TCNB buffer for FRET assay

Timing: 1.5 h

This step generates 10 mL of a 50 mM Tris, 10 mM CaCl2, 150 nM NaCl, 0.05% Brij-35 (TCNB) buffer

that is needed to prepare the FRET assay.

23. Warm 10 mL Brij-35 stock solution at 37◦C for 60 min to solubilize the Brij-35.

24. Aliquot 1 mL Brij-35 stock solution into ten 1.5 mL sterile microcentrifuge tubes to facilitate

warming to solubility when needed to prepare the assay buffer.

25. Combine 500 μL 1 M Tris-HCl, 400 μL 0.25 M CaCl2, 1.5 mL 1 M NaCl, 17 μL Brij-35 stock solu-

tion, and 7.583 mL molecular grade water to generate 10 mL of TCNB buffer.

26. Adjust the TCNB buffer pH to 7.5.

27. Filter the TCNB buffer through a 0.2 μm syringe filter and store at 4◦C for up to 6 months.

Preparation of syringes for performing mouse BALF collection

Timing: 30 min

This step describes how to prepare syringes for bronchoalveolar lavage of mice.

Note: Prepare syringes with EV-depleted 1X PBS(− /− ) inside of a biosafety cabinet to limit

bacterial contamination.

28. Prepare two 1 mL Luer slip tip syringes with EV-depleted 1X PBS(− /− ) per mouse:

a. Aspirate 0.5 mL EV-depleted 1X PBS(− /− ) into a 1 mL syringe.

b. Repeat Step 28a with a separate 1 mL syringe.

c. Flick the syringes to remove all bubbles.

Note: 1X PBS(− /− ), 2.5 mM EDTA, 1-2% v/v FBS may be used to perform BALF collection from

mice to maintain higher alveolar macrophage viability.20,21 However, use of FBS in BALF prep-

arations will falsely elevate EV concentrations in the BALF. Therefore, we recommend only us-

ing 1X PBS(− /− ), 2.5 mM EDTA, 2% v/v FBS for alveolar macrophage isolation and not for

direct EV isolation from BALF.

Preparation of tracheostomy catheter for mouse BALF collection

Timing: 1 min

29. Carefully remove the plastic cap covering an Insyte autoguard 20-guage needle (Figure 2A).

30. Depress the white button of the needle withdrawal apparatus to safely retract the needle from

the catheter (Figure 2B).
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31. Discard the retracted needle into a sharps disposal container, and retain the catheter for BALF

collection (Figure 2C).

Note: The catheter length may be trimmed to facilitate easier handling during the BALF

collection procedure.

KEY RESOURCES TABLE

Figure 2. Preparation of the tracheostomy catheter for mouse BALF collection

(A) The plastic cap of the catheter is carefully removed.

(B) The white button of the automatic needle withdrawal apparatus is depressed to retract the needle from the

catheter safely.

(C) The catheter is separated from the needle withdrawal apparatus for tracheostomy insertion.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Dulbecco’s modified Eagle’s medium (DMEM) (alternatives available) Corning Cat#10-013-CV

1 M 2-(N-morpholino)ethanesulfonic acid (MES) MilliporeSigma Cat#M1317

Polyethylene glycol (PEG), 50% (w/v) solution Fisher Scientific Cat#AAJ61495AE

3-((3-Cholamidopropyl)dimethylammonio)-1-propanesulfonate

(CHAPS) powder (alternatives available)

Fisher Scientific Cat#BP571-1

Brij 35, 30% (w/w) aqueous wetting agent (alternatives available) Ricca Chemical Cat#1145-16

1 M Tris hydrochloride solution, pH 7.5 (alternatives available) Fisher Scientific Cat#BP1757-100

Recombinant human MMP-12 (rhMMP-12) R&D Systems Cat#917-MPB

Recombinant mouse MMP-12 (rmMMP-12) R&D Systems Cat#3467-MPB

10 mM p-aminophenylmercuric acetate MedChemExpress Cat#HY-148905

LaRee 5 powder SiChem Cat#SC-0043

Recombinant mouse TIMP-1 protein R&D Systems Cat#980-MT

Experimental models: Organisms/strains

Mouse: C57BL/6J, 12–14 weeks, male and female Jackson Laboratory Cat#000664

Software and algorithms

Analyze and Acquire software, version 3.0.0.53 Spectradyne https://nanoparticleanalyzer.com/

dlhidgen3/

Prism software, version 10.3.1 GraphPad https://www.graphpad.com/

Cary UV workstation software Agilent https://www.agilent.com/en/product/

molecular-spectroscopy/uv-vis-uv-

vis-nir-spectroscopy/uv-vis-uv-vis-

nir-software/cary-uv-workstation-software

(Continued on next page)
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MATERIALS AND EQUIPMENT

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SoftMax Pro 7 data acquisition and analysis software, version 7.1.2 Molecular Devices https://www.moleculardevices.com/

products/microplate-readers/

acquisition-and-analysis-software/

softmax-pro-software

Other

500 mL 0.2 μm filter bottle (alternatives available) Fisher Scientific Cat#FB12566504

0.2 μm syringe filters (alternatives available) Fisher Scientific Cat#09-928-062

0.02 μm syringe filter, 25 mm diameter (alternatives available) Fisher Scientific Cat#09-926-13

25 3 89 mm open-top polyallomer tubes Fisher Scientific Cat#03-141

8 3 51 mm open-top polyallomer tubes Seton Scientific Cat#5009

Amicon 4 mL centrifugal filter, 100 kDa MWCO MilliporeSigma Cat#UFC810024

Amicon 0.5 mL centrifugal filter, 10 kDa MWCO MilliporeSigma Cat#UFC501096

1 mL Luer slip tip syringe Fisher Scientific Cat#14-955-462

10 mL Luer-Lok syringe Fisher Scientific Cat#B302995

20 mL Luer-Lok syringe Fisher Scientific Cat#22-124-967

50 mL Luer-Lok syringe Fisher Scientific Cat#13-689-8

Insyte Autoguard 20-guage catheter Becton Dickinson Cat#381434

Mouse dissecting kit World Precision Instruments Cat#MOUSEKIT

2 in segment of Tygon S3 E-3603 laboratory tubing, inner diameter 3/8 in DWK Life Sciences Cat#869791-0038

3-way stopcock Fisher Scientific Cat#NC9779127

Parafilm M self-sealing film Fisher Scientific Cat#STLPM996

6-in length forceps with serrated tip (alternatives available) Fisher Scientific Cat#16-100-108

Research cigarette, 3R4F University of Kentucky Cat#3R4F

Semi-micro spectrophotometer cell Starna Cells Cat#9/9-Q-10

24-well tissue culture plate Fisher Scientific Cat#08-772-1

200 μL extended length pipette tips Corning Cat#4810

Microfluidic cartridges Spectradyne Cat#C-400

96-well half-area, black, flat bottom polystyrene microplate Corning Cat#3993

Automated cell counter DeNovix Model#CellDropFLi

Cary 60 UV-vis spectrophotometer Agilent Model#G6860AA

Sorvall WX+ ultracentrifuge Fisher Scientific Cat#75-000-080

AH-629 swinging bucket rotor Fisher Scientific Cat#54-285

TFT-80.2 fixed angle rotor Fisher Scientific Cat#54-456

Nanoparticle analyzer Spectradyne Model#nCS1

SpectraMax multi-mode microplate reader Molecular Devices Model#iD5

rhMMP-12 reconstitution buffer

Reagent Final concentration Amount

MES (1 M) 10 mM 100 μL

NaCl (1 M) 100 mM 1 mL

CaCl2 (0.25 M) 100 μM 4 μL

ZnSO4 (1 mM) 1 μM 10 μL

PEG (50% w/v) 0.1% w/v 20 μL

CHAPS 0.1% w/v 10 mg

ddH2O N/A 8.866 mL

Total N/A 10 mL

Adjust the buffer pH to 6.0, filter using a 0.2 μm syringe filter, and store at 4◦C for up to 6 months.
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STEP-BY-STEP METHOD DETAILS

Collection of murine BALF

Timing: 1 h

This step describes a method for collecting BALF from a 12–14-week-old male or female C57BL/6J

mouse. See Methods video S1 for a demonstration of this procedure.

Note: These steps may be adapted for other small animals such as rats, ferrets, or tree shrews

after approval by the local IACUC and appropriate institutional training in the use of these

animals.

1. Prepare the appropriate dose of anesthesia for euthanasia and euthanize the mouse according to

local institutional practice (e.g., CO2-mediated asphyxiation or cervical dislocation).

CRITICAL: Ensure euthanasia is complete before proceeding to the next steps, observing

for the absence of respiratory effort or lack of movement with an aggressive toe pinch.

2. Pin the animal’s front and hind paws onto a dissection tray and secure the maxillary incisors un-

der a rubber band that is wrapped around the superior aspect of the dissection tray (Figure 3A).

3. Wash the chest and neck by spraying thoroughly with 70% ethanol. Wipe away excess ethanol

with sterile gauze.

4. With scissors, cut the skin vertically from the top of the sternum to the bottom of the chin

(Figure 3B).

5. Separate the submaxillary glands to expose the trachea, avoiding the veins and arteries.

6. Lift and trim the fibroelastic membrane that encloses the anterior trachea.

7. Use forceps to pass and center a 3-inch segment of 3-0 suture posterior to the trachea.

8. Create a small hole in the anterior trachea using surgical scissors.

9. Insert the tracheostomy catheter into the tracheal stoma with the catheter tip pointed toward

the lungs (Figure 3C).

10. Connect a 1 mL syringe containing 0.5 mL EV-depleted 1X PBS(− /− ) to the catheter and slowly

inject 0.5 mL EV-depleted 1X PBS into the lungs (Figure 3D).

Note: Refer to Troubleshooting problem 1 for how to navigate the appearance of fluid into the

mouse’s nose and/or mouth during 1X PBS instillation into the trachea.

11. After 30 sec, slowly aspirate BALF into the 1 mL syringe.

Note: It is expected that this step may generate bubbles in the BALF and <0.5 mL of BALF may

be recovered. Refer to Troubleshooting problem 2 for how to handle the inability to recover

BALF.

MMP-12 FRET assay TCNB buffer

Reagent Final concentration Amount

Tris-HCl (1 M) 50 mM 0.5 mL

CaCl2 (0.25 M) 10 mM 0.4 mL

NaCl (1 M) 150 mM 1.5 mL

Brij-35 stock (30% v/v) 0.05% v/v 17 μL

ddH2O N/A 7.583 mL

Total N/A 10 mL

Adjust the buffer pH to 7.5, filter using a 0.2 μm syringe filter, and store at 4◦C for up to 6 months.
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12. While keeping the tracheostomy catheter inside of the trachea, replace the 1 mL syringe con-

taining BALF with a second, fresh 1 mL syringe containing 0.5 mL EV-depleted 1X PBS(− /− ).

13. Repeat the instillation of EV-depleted 1X PBS and aspiration of BALF.

14. Transfer BALF from the two 1 mL syringes to a sterile 50 mL conical tube and place on ice.

15. Repeat Steps 1–14 using additional mice, transferring BALF from each animal into the 50 mL

tube from Step 14 to pool a sufficient quantity of alveolar macrophages for experimentation.

Note: Dispose of rodent carcasses according to local institutional procedures.

Note: We recommend collecting BALF from at least 15 mice to isolate at least 0.8–1 3 106

alveolar macrophages for eventual EV generation.

Isolation of macrophages from human and murine BALF

Timing: 3 h

This step describes a method of isolating primary alveolar macrophages from BALF obtained from a

human or mouse for cell culture.

CRITICAL: When harvesting and handling human BALF, use universal precautions accord-

ing to local institutional employee health guidelines.

CRITICAL: To harvest alveolar macrophages from human BALF, a BALF specimen should

be kept at 20◦C–22◦C and processed within 1 h of collection to preserve cell viability.

Note: Alveolar macrophages are the predominant cell type within BALF from humans and

mice.20,22 Thus, following the lysis of residual red blood cells, the overwhelming majority of

Figure 3. Preparation of a mouse for BALF collection

(A) The front and hind paws of a mouse are pinned to a dissection tray and the maxillary (upper) incisors are secured

under a rubber band that is wrapped around the superior aspect of the dissection tray. The mouse’s chest is then

washed with 70% ethanol, and excess liquid is wiped away with sterile gauze.

(B) A 2–3 cm vertical incision is then made in the mouse’s skin anterior to the trachea, and the skin is bluntly dissected

from the anterior neck structures.

(C) A small stoma is created in the anterior trachea with surgical scissors, and the tracheostomy catheter is gently

inserted through the stoma toward the lungs.

(D) A 1 mL syringe containing 0.5 mL sterile, EV-depleted 1X PBS(− /− ) is attached to the tracheostomy catheter for

bronchoalveolar lavage.
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cells that isolated from this procedure are alveolar macrophages. As alveolar macrophages

adhere to tissue culture plastic, use of tissue culture further selects alveolar macrophages

from lymphocytes, the next most prevalent cell type within BALF from humans and mice.20,22

Note: BALF from humans may be tenacious with high viscosity, which may limit alveolar

macrophage pelleting and eventual isolation. When this is encountered, BALF may be diluted

1:4-1:10 v/v in sterile, EV-depleted 1X PBS(− /− ) or diluted 1:2-1:4 v/v in sterile, EV-depleted

1X PBS(− /− ), 2.5 mM EDTA. Addition of EDTA chelates cations and may reduce protein-pro-

tein interactions. Further adjustment of BALF to pH 7.5 using NaHCO3 or NaOH may also

further reduce BALF viscosity.

16. Centrifuge BALF at 500 x g for 10 min at 4◦C.

17. Carefully remove and discard the supernatant, careful not to disturb the cell pellet.

18. Lyse RBCs within the cell pellet:

a. Resuspend the cell pellet in 0.5 mL 0.2% NaCl.

b. Incubate at 20◦C–22◦C for 30 sec.

c. Add 0.5 mL 1.6% NaCl and mix well.

d. Centrifuge the cell suspension at 500 x g for 10 min at 4◦C.

e. Remove and discard the supernatant.

Note: If RBCs are still present, as evidenced by an RBC pellet after centrifugation, repeat Step

18. Refer to Troubleshooting problem 3 for the persistence of an RBC pellet after repeating

Step 18.

19. Resuspend the cell pellet in 0.5 mL DMEM, 10% FBS.

20. Determine the cell concentration using standard hemocytometry.

21. Dilute the cell suspension to 0.2 3 106 cells per mL with DMEM, 10% FBS.

22. Seed 0.2 3 106 cells per well in a 24-well tissue culture plate until the cell suspension is

exhausted.

23. Incubate overnight at 37◦C in a humidified chamber with 5% CO2.

Generation of CSE stock

Timing: 1.5 h

This step details the assembly of the apparatus used to generate CSE and the procedure for prepar-

ing CSE stock from a single cigarette. See Methods video S2 for a demonstration of this procedure.

CRITICAL: Due to the volatile substances within CSE, CSE should be prepared on the day

that alveolar macrophages will be stimulated with CSE and used within 30 min of

preparation.

24. Autoclave the 2 in piece of Tygon vacuum tubing that will be used as the cigarette holder in a

single-use autoclave bag.

Note: The Tygon vacuum tubing is reusable and should be autoclaved between uses.

25. Allow 5 mL EV-depleted DMEM to warm to 20◦C–22◦C.

26. In a biosafety cabinet, aspirate 5 mL EV-depleted warm DMEM into a 50 mL syringe.

27. With a 3-way stopcock oriented such that the end ports are pointed left-to-right, the middle port

is pointed upward, and the valve faced toward the proceduralist, screw a sterile 10 mL Luer-Lok

syringe onto the right port of 3-way stopcock valve (Figure 4A).

28. Slide one end of the Tygon tubing over the left port of the 3-way stopcock (Figure 4B).
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29. Use Parafilm to seal the end of the Tygon tubing overlaying the left port of the 3-way stopcock

(Figure 4C).

30. Use forceps to remove the filter from a single cigarette (Figure 4D).

Figure 4. Preparation of CSE

(A) A 10 mL Luer-Lok syringe is attached to the right port of a 3-way stopcock.

(B) Tygon tubing is inserted over the left port of the 3-way stopcock.

(C) The connection between the Tygon tubing and the 3-way stopcock is sealed with a Parafilm wrap.

(D) The filter is removed from a cigarette with forceps.

(E) The cigarette is inserted into the open end of the Tygon tubing with the filter side facing the 3-way stopcock.

(F) The connection between the cigarette and Tygon tubing is sealed with Parafilm wrap.

(G) After the cigarette has been lit and cigarette smoke has been aspirated into the 10 mL syringe twice, a 50 mL

syringe filled with 5 mL of DMEM, 10% FBS is attached to the open port of the 3-way stopcock.

(H) After cigarette smoke is aspirated into the 10 mL syringe, the stopcock is closed to the cigarette and opened to

both the 10 mL and 50 mL syringes. The cigarette smoke is then bubbled through the cell culture medium by

depressing the plunger of the 10 mL.
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31. Insert the end of the cigarette from which the filter was removed into the open end of the Tygon

tubing (Figure 4E).

32. Use Parafilm to seal the connection between the cigarette and the Tygon tubing (Figure 4F).

33. Make a homemade ashtray by lining an empty 200 mL pipette tip box with a wet paper towel to

safely collect the cigarette ashes and the cigarette butt when finished smoking.

Note: A similar ashtray may be prepared by forming a 6 in x 6 in tray from aluminum foil.

CRITICAL: Perform Steps 34–41 in a chemical fume hood.

34. Ignite the free end of the cigarette with a lighter.

35. Turn the stopcock valve so that the stopcock is open from left-to-right and closed to the middle

port.

36. Pull the plunger of the 10 mL syringe to aspirate cigarette smoke into the syringe.

Note: Refer to Troubleshooting problem 4 for difficulty with aspirating cigarette smoke into

the 10 mL syringe.

37. Remove the 10 mL syringe and depress the plunger to release smoke into the hood.

38. Re-attach the 10 mL syringe to the right port of the stopcock.

39. Repeat Steps 36–38.

40. Screw the 50 mL syringe containing 5 mL culture medium onto the middle port (Figure 4G).

41. Push cigarette smoke through the culture medium:

a. Aspirate smoke from the cigarette into the 10 mL syringe.

b. Turn the stopcock valve closed to the left port and open to the middle and right ports.

c. Depress the plunger of the 10 mL syringe to push cigarette smoke through the 5 mL DMEM in

the 50 mL syringe (Figure 4H).

d. Turn the stopcock valve closed to the middle port and open to the left and right ports.

e. Repeat Steps 41a-d until the cigarette is completely burned through.

CRITICAL: If the 50 mL syringe is nearly full of smoke and the 5 mL of media before the

cigarette is completely burned through, turn the stopcock valve closed to the middle

port, rotate the 50 mL syringe 180�downwards, unscrew the 50 mL syringe from the stop-

cock, and depress the plunger while keeping the Luer opening pointed upward until only

media remains in the syringe. Then, re-attach the 50 mL syringe to the middle port of the

stopcock to resume Step 41a.

42. Deplete CSE of potential endotoxin contamination by passing the CSE through a 10 kDa MWCO

15 mL centrifugal filter according to manufacturer specifications.

43. In a biosafety cabinet, filter the CSE through a 0.2 μm syringe filter.

44. Keep the filtered CSE stock at 20◦C–22◦C until use.

Standardized dilution of CSE

Timing: 10 min

This step describes how to dilute the CSE stock in EV-depleted DMEM for treatment of alveolar

macrophages.

Note: This step typically generates a 2% v/v CSE preparation for cell culture. However, we

choose to normalize the diluted CSE to the optical density of the stock CSE at 320 nm wave-

length to ensure CSE standardization.23,24
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45. In a biosafety cabinet, add 50 μL CSE stock to 950 μL EV-depleted DMEM to generate 1 mL 5%

v/v CSE solution.

46. Using 1 mL of EV-depleted DMEM as a spectrophotometric blank, measure the optical density

(OD) of the 5% CSE solution at 320 nm wavelength using a spectrophotometer.

47. Calculate the dilution factor (DF) of the CSE stock using the formula: DF = 166.67 x OD320.

48. Calculate the volume of CSE stock needed per 0.5 mL of culture medium using the formula: (vol-

ume of CSE stock) = [(0.5 mL) x (number of wells on a tissue culture plate for CSE treatment)] / DF.

a. For example, if the OD320 of a 5% v/v stock CSE solution is 0.3 (DF = 166.67 x 0.3 = 50), 40 μL

of CSE stock would be needed to treat alveolar macrophages in four wells of a tissue culture

plate with 0.5 mL of diluted CSE per well [(0.5 mL) x (4 wells) / 50 = 0.04 mL or 40 μL].

49. In a biosafety cabinet, add the volume of CSE stock calculated in Step 48 to the total volume of

EV-depleted DMEM needed for all wells designated for CSE treatment on the tissue culture

plate minus the CSE stock volume.

a. For example, 40 μL of CSE stock would be added to 1.96 mL of EV-depleted DMEM to pre-

pare a sufficient volume of diluted CSE to add 0.5 mL dilute CSE to 4 wells.

Alveolar macrophage stimulation by CSE

Timing: 4.5 h

This step describes a method for stimulating primary human or murine alveolar macrophages with

CSE in cell culture.

50. Aspirate the culture medium from alveolar macrophages.

51. Wash the alveolar macrophages with 0.5 mL warm EV-depleted 1X PBS(− /− ) twice.

CRITICAL: Avoid disrupting adherent macrophages on the cell culture plate while aspi-

rating the medium and 1X PBS.

Note: Prepare the diluted CSE before the last wash of 1X PBS(− /− ). Do not let the wells

become dry.

52. To the respective wells designated for control or CSE treatment, add 0.5 mL EV-depleted

DMEM (control) or 0.5 mL CSE and incubate at 37◦C in a humidified chamber with 5% CO2

for 4 h.

53. Harvest cell culture medium from each well into individually labeled, sterile 1.5 mL microcentri-

fuge tubes and place on ice.

EV isolation from BALF or primary cell culture medium

Timing: 4 h

This step describes a method for isolating EVs from either BALF or culture medium from primary

alveolar macrophages using differential ultracentrifugation.

Note: Among the various methods available for EV isolation (e.g., differential ultracentrifuga-

tion, density gradient ultracentrifugation, size exclusion chromatography, membrane affinity),

we recommend using differential ultracentrifugation when isolating EVs from BALF or primary

cell culture supernatant for functional assays and experimentation to avoid EV exposure to

proprietary buffers or nonaqueous solutions that may impact the activity of EV-associated en-

zymes such as MMP-12 in an unpredictable manner.

CRITICAL: Store ultracentrifuge rotors at 4◦C prior to use.
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CRITICAL: BALF should be stored at 4◦C until ready for EV isolation.

54. Centrifuge BALF or cell culture medium at 3000 x g for 10 min at 4◦C to pellet cell debris.

55. Transfer the supernatant into fresh, individually labeled, sterile 1.5 mL microcentrifuge tubes.

56. Centrifuge supernatant at 10,000 x g for 60 min at 4◦C to pellet larger, denser particles such as

large EVs (>200 nm).25

57. During Step 56, label a sufficient number of ultracentrifuge tubes with the sample number or

experimental condition (Figure 5A).

Note: For cell culture supernatant volumes <10 mL, we recommend using 8 x 51 mm open-top

polyallomer ultracentrifuge tubes for a fixed angle rotor. When using 8 x 51 mm ultracentri-

fuge tubes, we recommend adding 1.7 mL supernatant to each tube and ensuring filled tubes

are equivalent in mass by adding EV-depleted 1X PBS(− /− ) as needed. This volume should

prevent the ultracentrifuge tubes from collapsing.

Note: For human BALF supernatant or cell culture supernatant volumes >10 mL, we recom-

mend using 25 x 89 mm open-top polyallomer tubes for a swinging bucket rotor. When us-

ing 25 x 89 mm ultracentrifuge tubes, we recommend bringing the supernatant volume to

33 mL with EV-depleted 1X PBS(− /− ) and transferring the diluted supernatant to the ultracen-

trifuge tube.

58. Transfer the supernatant to labeled ultracentrifuge tubes.

CRITICAL: Ensure filled tubes are equivalent in mass by adding EV-depleted 1X PBS(− /− )

as needed.

59. Insert ultracentrifuge tubes into the rotor in a balanced configuration with the label facing out-

wards (Figures 5B and 5C).

Note: For odd numbers of ultracentrifuge tubes that will not permit a balanced configuration

in the rotor, a spare, appropriately sized ultracentrifuge tube may be filled with 1X PBS(− /− ) to

equivalent mass to achieve a balanced rotor configuration.

60. Centrifuge supernatant at 150,000 x g for 2 h at 4◦C.

Figure 5. Preparing samples for ultracentrifugation

(A) Labeling of the side of the ultracentrifuge tube with the sample number or experimental condition.

(B) Insertion of the ultracentrifuge tube containing supernatant.

(C) Depiction of the ultracentrifuge tube positioned so that the labeled side faces the outside of the rotor.

(D) Supernatant removal using a 200 μL extended length pipette tip while avoiding touching the EV pellet that

accumulated on the labeled side of the tube.
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Note: EVs will pellet on the labeled side of the tube.

61. Aspirate and discard the supernatant without disturbing the EV pellet (Figure 5D).

Note: We recommend using 200 μL extended length pipette tips to remove supernatant from

and resuspend EVs in the 8 x 51 mm ultracentrifuge tubes.

Note: Steps 62–65 clarify EVs of protein aggregates that may pellet with the EVs following the

first 150,000 x g centrifugation.

62. Resuspend the EV pellet in 1.7 mL EV-depleted 1X PBS(− /− ) within the ultracentrifuge tube.

63. Re-insert the ultracentrifuge tube into the rotor in a balanced configuration.

64. Centrifuge EVs again at 150,000 x g for 2 h at 4◦C.

65. Aspirate and discard the supernatant without disturbing the EV pellet.

66. Resuspend the EV pellet with 50 μL EV-depleted 1X PBS(− /− ) by pipetting up and down 6 times

and vortexing 6 times twice.

67. Keep the EV suspension on ice or at 4◦C until ready for characterization or experimentation.

Note: If the user wishes to bank EVs for later use or analysis, EVs may be stored for up to 1 year

at − 80◦C.

EV characterization and concentration determination

Timing: 1 h

This step describes a method for characterizing the size distribution and concentration of EVs using a

Spectradyne nCS1 nanoparticle tracking analyzer.

Note: This procedure enumerates the EV concentration within each sample necessary to pre-

pare standardized EV concentrations used in functional assays. In addition, nanoparticle

tracking analysis provides a size distribution of the EVs within each sample, helping clarify

whether the EV sample size distribution is consistent with “small EVs’’ (<200 nm diameter).25

To confirm that the particles are “small EVs,’’ we refer the reader to our prior methods publi-

cation26 for a protocol to assess the protein yield of the EV sample and confirm the presence of

canonical EV markers25 (e.g., TSG101, ALIX, syntenin-1, CD9, CD81, CD63) using western blot

(see Figure 6 as an example).

Figure 6. Confirmation of a canonical EV marker in BALF-derived EVs using western blot

Protein from 8 3 1010 EVs isolated from the BALF of 16-week-old male C57BL/6J mice after 30 d of daily cigarette

smoke exposure using differential ultracentrifugation were resolved with SDS-PAGE and transferred to a

nitrocellulose membrane. As a control, EV protein was resolved alongside protein from mouse primary alveolar

macrophage cell lysate (2 μg per lane). Protein from BALF-derived EVs and cell lysate were probed for the canonical EV

marker CD9 (Thermo Fisher Scientific, Cat#10626D; RRID: AB_2532982) (1:500 v/v in blocking buffer) and calnexin

(Proteintech, Cat#10427-2-AP; RRID: AB_2069033) (1:1,000 v/v in blocking buffer), a protein localized to the

membrane of cellular endoplasmic reticula. See Figure S1 for complete membranes.
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Note: Alternative nanoparticle tracking analyzers may be used in place of a Spectradyne in-

strument, such as the ZetaView Evolution (Particle Metrix GmbH, Inning am Ammersee, Ger-

many) or the NanoSight Pro (Malvern Panalytical, Worcestershire, UK).

68. Turn on the machine and exchange the two diethyl pyrocarbonate (DEPC)-treated water bottles

for bottles filled with EV-depleted PBS-T (filtered with 0.2 μm filter).

69. Run the reusable cleaning cartridge to start the system.

70. Measure the particle concentration and size distribution of the PBS-T buffer filtered through a

0.02 μm filter:

a. Add 5 μL PBS-T (filtered with 0.02 μm filter) to a new single-use, disposable cartridge without

introducing bubbles.

b. Tap the cartridge on the bench gently to rid the sample of small bubbles.

c. Insert the cartridge into the machine.

d. Enter the run details with the information on the cartridge box, naming the sample as ‘blank.’

e. Obtain readings until the accurate reading percentage normalizes to, at most, 5% with a min-

imum of 10 readings (Figure 7).

f. Stop the instrument reading and save the data.

g. Eject and dispose of the used cartridge.

Note: Refer to Troubleshooting problem 5 for handling residual bubbles within the cartridge

that interfere with particle analysis and Troubleshooting problem 6 for navigating an unex-

pectedly high concentration of particles (>1 3 108/mL) within the PBS-T buffer that was

filtered with a 0.02 μm filter.

Figure 7. Screenshot of the Spectradyne software demonstrating the EV concentration readout with a minimum of 10 total reads and accurate

reading percentage of ±2%
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71. Measure the particle concentration and size distribution of the first EV sample:

a. Dilute a sample of the EV solution 1:100 v/v by adding 2 μL of EV sample to 198 μL PBS-T

(filtered with 0.02 μm filter) in a sterile 1.5 mL microcentrifuge tube and mixing well.

b. Add 5 μL of dilute EV preparation from Step 71a into a new cartridge.

c. Tap the cartridge on the bench gently to rid the sample of small bubbles.

d. Insert the cartridge into the machine.

e. Enter in the run details with the information on the cartridge box, naming the sample with an

appropriate label.

f. Obtain readings until the accurate reading percentage normalizes to, at most, 5% with a min-

imum of 10 readings.

g. Stop the instrument reading and save the data.

h. Eject and dispose of the used cartridge.

72. Repeat Step 71 until the concentrations/size distributions of all samples have been measured.

73. Determine the EV concentration within each sample:

a. Subtract the total particle concentration of the ‘blank’ specimen (0.02 μm filtered PBS-T) in

Step 70 from the total particle concentrations of the diluted samples obtained in Steps 71

and 72 to calculate the adjusted EV concentrations of each sample.

b. Multiply the adjusted EV concentrations of each sample in Step 73a by 100 (i.e., the dilution

factor in Step 71a).

Note: Refer to Troubleshooting problem 7 for handling EV concentrations that are not higher

than the ‘blank’ sample (i.e., background reading) and Troubleshooting problem 8 for how to

handle size distributions that demonstrate peaks of particle sizes >200 nm.

Note: Only the total EV concentration of each sample is required to perform functional ana-

lyses of and experimentation with EVs. However, particle size distribution data (Figure 8)

Figure 8. Screenshot of the Spectradyne software demonstrating the size distribution readouts of EVs isolated from the culture medium of primary

alveolar macrophages stimulated with CSE (red line), EVs isolated from the culture medium of unstimulated primary alveolar macrophages (green

line), and PBS-T buffer filtered through a 0.02 μm filter that serves as a ‘blank’ to adjust EV concentrations for background particulates (blue line)
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may be exported from the Spectradyne software as a Microsoft Excel file for a more detailed

characterization of the EV sample and confirmation of sample’s expected size distribution

(<200 nm diameter for small EVs25).

MMP-12 activity measurement with FRET

Timing: 2.5–26 h

This step describes how to measure the enzymatic activity of MMP-12 on the surface of alveolar

macrophage-derived EVs using the highly sensitive probe LaRee-5 in a FRET-based assay.27

Note: Though we detail a method for characterizing EVs from BALF or cultured primary

airway macrophages using an enzyme activity assay for MMP-12, EV preparations may also

be characterized using western blot,28 RT-qPCR,29 mass spectrometry,30 or transmission elec-

tron microscopy.3 More selective isolation of unique EV populations may be performed

using magnetic bead pulldown as we have described previously.3,26 When selecting for

macrophage-specific EVs using the magnetic bead pulldown technique, we recommend

conjugating streptavidin-labeled magnetic beads to biotinylated antibody against human

or mouse macrophage markers (e.g., CD11b/integrin ⍺ M, CD14, CD68/SR-D1, CD163, or

CD206). Moreover, EVs may be used for further experimentation as we have shown

previously.3,4

Figure 9. Results of MMP-12 activity on various populations of EVs using FRET assay

(A) Alveolar macrophages isolated from mouse BALF were stimulated with CSE or culture medium alone (control), and

EVs were isolated from the cell culture supernatant using differential ultracentrifugation. Isolated EVs were tested for

MMP-12 activity, which is reported as arbitrary units (A.U.) of the FRET donor:acceptor emission ratio.

(B) EV and EV-free fractions of the cell culture supernatant from CSE-stimulated alveolar macrophages in (A) were

tested for MMP-12 activity, demonstrating the specificity of the FRET assay for MMP-12 on EVs.

(C) EVs directly isolated from the BALF of mice exposed to cigarette smoke for 3 months were treated with or without

TIMP-1 (an MMP-12 inhibitor) during the FRET assay to further demonstrate the specificity of the assay for MMP-12

on EVs.

(D) EVs directly isolated from the BALF of current smokers without COPD (C) and current smokers with COPD (CC)

using differential ultracentrifugation were tested for MMP-12 activity. Data as median (interquartile range).

Comparison was made using the Mann-Whitney U test.
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Note: We recommend using at least 1 3 109 EVs to measure MMP-12 activity as the use of

fewer EVs may be insufficient to obtain robust readings.

Note: In Steps 74–77, we detail how to prepare rhMMP-12 or rmMMP-12 standards should the

user wish to quantify the level of MMP-12 activity of EVs relative to a respective recombinant

enzyme control (i.e., rhMMP-12 for EVs derived from human samples/cells and rmMMP-12 for

EVs derived from mouse samples/cells). Alternatively, the user may also begin the procedure

at Step 78 when performing relative comparisons between EVs from two or more separate

experimental conditions (Figures 9A and 9B).

74. Allow p-aminophenylmercuric acetate (APMA) and TCNB to come to 20◦C–22◦C.

75. Reconstitute 20 μg lyophilized, recombinant MMP-12 in 80 μL reconstitution buffer to generate

a stock concentration of 0.25 mg/mL.

76. Reconstitute 1 mg LaRee-5 in 68 μL dimethyl sulfoxide (DMSO) to generate a 10 mM LaRee-5

stock.

CRITICAL: Reconstitute LaRee-5 in dim light as LaRee-5 is susceptible to degradation by

light.

Note: We recommend aliquoting the reconstituted recombinant MMP-12 stock and LaRee-5

stock into separate 10 μL aliquots and storing at − 20◦C for up to 6 months until ready to

perform the FRET assay. Thaw an aliquot of recombinant MMP-12 and LaRee-5 stock to

20◦C–22◦C prior to use or use freshly prepared substrate.

77. Prepare recombinant MMP-12 standards for the FRET assay:

a. Add 2 μL 0.25 mg/mL recombinant MMP-12 stock solution to 8 μL TCNB buffer to generate

10 μL of 50 μg/mL recombinant MMP-12 substock.

b. Combine 2 μL 50 μg/mL recombinant MMP-12 substock prepared in Step 77a with 1 μL

10 mM APMA and 7 μL TCNB buffer to generate 10 μL of 10 μg/mL recombinant MMP-12

substock.

c. Incubate at 37◦C for 24 h in a closed microcentrifuge to activate the recombinant MMP-12.

d. Generate recombinant MMP-12 standards using serial dilutions of the 10 μg/mL recombinant

MMP-12 substock with TCNB buffer according to Table 1.

CRITICAL: Fresh LaRee-5 substock must be prepared immediately prior to use.

CRITICAL: Protect LaRee-5 substock from light.

78. Dilute LaRee-5 stock 1:100 v/v with TCNB buffer by mixing 2 μL 10 mM LaRee-5 stock with 198 μL

TCNB buffer to prepare 200 μL of 100 μM LaRee-5 substock.

Table 1. Serial dilutions to generate recombinant MMP-12 standards

Recombinant MMP-12 standard TCNB volume Recombinant MMP-12 volume

250 ng/mL 195 μL 5 μL of 10 μg/mL substock

125 ng/mL 100 μL 100 μL of 250 ng/mL standard

62.5 ng/mL 100 μL 100 μL of 125 ng/mL standard

31.25 ng/mL 100 μL 100 μL of 62.5 ng/mL standard

15.6 ng/mL 100 μL 100 μL of 31.25 ng/mL standard

7.8 ng/mL 100 μL 100 μL of 15.6 ng/mL standard

3.9 ng/mL 100 μL 100 μL of 7.8 ng/mL standard

1.95 ng/mL 100 μL 100 μL of 3.9 ng/mL standard

0.98 ng/mL 100 μL 100 μL of 1.95 ng/mL standard

0 ng/mL 100 μL N/A
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79. Prepare a 10 μM LaRee-5 substock to add to each standard (if used) and sample by adding 1 μL

of 100 μM LaRee-5 substock (Step 78) to 9 μL TCNB buffer per sample and standard.

a. For example, if there are 10 standards run in duplicate with 5 EV samples (total of 25 stan-

dards and samples), add 25 μL 100 μM LaRee-5 substock to 225 μL TCNB buffer and mix well.

80. Incubate the 10 μM LaRee-5 substock at 37◦C for 10 min in the dark.

81. Dilute 1 3 109 EVs per sample in 40 μL TCNB buffer.

Note: Refer to Troubleshooting problem 9 for how to handle EV concentrations that are too

dilute to permit the addition of 1 3 109 EVs in <40 μL and Troubleshooting problem 10 for how

to handle having an insufficient quantity of EVs for analysis.

82. Transfer 40 μL of each standard (if used) and the diluted EVs into separate wells in the half-sur-

face area black plates.

Note: When using recombinant MMP-12 standards, we recommend performing the standards

in duplicate.

83. Bring the EVs in the assay plate to 37◦C by incubating the plates in the plate reader at 37◦C for

10 min.

Note: If an inhibitor is used for the analysis, it can be added to the system either before or dur-

ing the assay. If adding an inhibitor to the EV sample before the assay is started, add the EVs to

a well on the microplate, inject the inhibitor into the same well, and adjust the final well volume

to 40 μL with TCNB buffer; then incubate the plate at 37◦C for 30 min. If performing the inhi-

bition during the assay, add the inhibitor diluted in TCNB buffer with a final volume of 5–10 μL

at any time course. Adding the inhibitor can be done either by manual pipetting or by using an

autoinjector (preferred method, as available). If the blockade of MMP-12 is during the reac-

tion, the same volume of TCNB buffer should be added to the control (vehicle) wells.

84. After 10 min of incubation, begin taking measurements ever 2 min for 1 h.

85. After the first reading, pause the plate reader and eject the plate.

86. Add 10 μL of 10 μM LaRee-5 substock from Step 80 to each standard (if used) and sample.

87. Re-insert the plate into the plate reader and resume measurements.

Note: Adjust the plate reader to shake the plate 2–3 times before each reading.

88. After 1 h, stop the plate reader and export the results as a Microsoft Excel spreadsheet.

89. Divide the 400 nm readings by the 490 nm readings to generate donor:acceptor ratios that are

measured in arbitrary units, or A.U.

90. To visualize the enzyme kinetics of MMP-12, plot donor:acceptor ratios on the y-axis and respec-

tive time intervals on the x-axis (Figure 9A).

Note: EV MMP-12 activity may be semi-quantified from the donor:acceptor ratio-versus-time

curve generated in Step 90 by calculating the area under the curve (AUC) of this curve.

Note: Refer to Troubleshooting problem 11 for how to handle FRET signal saturation.

91. Quantify EV MMP-12 activity using the recombinant MMP-12 standards (if used):

a. For duplicates, calculate the average donor:acceptor ratio of each recombinant MMP-12

standard.

b. Perform a 4-parameter logistic regression analysis of the average donor:acceptor ratios rela-

tive to the respective concentration of the recombinant MMP-12 standards.
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c. Interpolate the donor:acceptor ratios of the EV MMP-12 activity using the 4-parameter logis-

tic regression analysis in Step 91b.

EXPECTED OUTCOMES

MMP-12 is mainly expressed by alveolar macrophages and plays a key role in smoking-induced

chronic obstructive pulmonary disease (COPD) by cleaving extracellular matrix components and

increasing monocyte and neutrophil recruitment to the lung.15,31,32 Thus MMP-12 is central to dis-

ease pathology in COPD. We have previously shown that in vivo exposure to cigarette smoke in-

creases the amount of MMP-12 on macrophage-derived EVs isolated from mouse BALF.4 Here,

we present a method for isolating EVs from human and mouse BALF as well as EVs derived from

primary airway macrophages in vitro. Moreover, we detail how to measure the functional MMP-12

activity on these EVs using a highly sensitive FRET assay. Showcasing these techniques, we demon-

strate for the user that MMP-12 activity is higher in alveolar macrophage-derived EVs from CSE-

treated versus untreated EVs (Figure 9A) and that MMP-12 activity is present solely in the EV fraction

of the cell culture medium (Figure 9B). Importantly, the FRET assay described in this protocol is spe-

cific for MMP-12 as demonstrated by the abrogation of MMP-12 activity by TIMP-1, a natural MMP-

12 inhibitor, on the surface of EVs derived from the BALF of mice who were exposed daily to ciga-

rette smoke for 3 months (Figure 9C). Finally, we offer the measurement of MMP-12 on BALF-derived

EVs as a potentially helpful functional readout of pulmonary disease in humans by demonstrating

that EVs from the BALF of current smokers with COPD have increased MMP-12 activity compared

to BALF-derived EVs from smokers without COPD (Figure 9D).

LIMITATIONS

Our laboratory uses differential ultracentrifugation to isolate EVs from BALF and primary alveolar

macrophage culture supernatant to limit EV loss and to control the buffers to which the EVs are

exposed. However, despite our use of a clarification centrifugation to separate EVs from protein ag-

gregates, differential ultracentrifugation has the inherent limitations of potentially pelleting protein

aggregates with EVs and causing EV aggregation/clumping. EVs may be isolated using alternative

methods such as membrane affinity isolation or size exclusion chromatography but at the risk of

exposing EVs to proprietary buffers. To overcome this limitation, a final buffer exchange may be

considered using centrifugal filtration with a 10 kDa centrifugal filter. Moreover, in this protocol,

we detail how to assess the functional characteristics of EV samples from BALF or primary airway

macrophages for the purpose of biological comparisons or future experimentation. For further

description on how to characterize EV samples in a more robust manner using magnetic bead pull-

down for flow cytometry or western blot, we refer the reader to our prior protocol publication.26

TROUBLESHOOTING

Problem 1

Fluid is observed to be coming from mouse’s mouth or nose during 1X PBS instillation to the tracheal

catheter for BALF collection (see Step 10).

Potential solution

The catheter is either obstructed by the tracheal wall or is not sufficiently advanced into the trachea.

The catheter should be advanced into the trachea and twisted clockwise a quarter turn to move the

catheter toward the lung and overcome tracheal wall obstruction. Also consider repeating Step 10

with a fresh 1 mL syringe filled with 0.5 mL EV-depleted 1X PBS(− /− ) if there was substantial loss of

fluid through the mouth and/or nares.

Problem 2

Unable to withdraw any 1X PBS back into the syringe from the lungs after 1X PBS instillation into the

trachea (see Steps 11 and 13).
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Potential solution

If no fluid is recovered with the first attempt, the catheter may either have shifted or be obstructed by

the tracheal wall. Make further attempts at aspirating BALF while twisting the tracheal catheter in a

clockwise motion and pulling back on the catheter by 3–5 mm.

Problem 3

RBCs are still present after repeating the RBC lysis procedure (see Step 18).

Potential solution

Repeat the RBC lysis procedure a third time. Do not incubate cells with 0.2% NaCl longer than 30

sec. Longer incubation might affect the viability and yield of the alveolar macrophages.

Problem 4

Cigarette smoke will not flow into the 10 mL syringe (see Steps 36 and 41a).

Potential solution

If smoke from a lit cigarette does not flow into the 10 mL syringe after pulling back on the plunger

with the stopcock valve open to the left and right ports, there is likely an air leak in the apparatus or

the filter was not removed from the cigarette. Extinguish the cigarette for safety, and perform the

following.

• Remove the Parafilm wrapping from the Tygon tubing and stopcock.

• Obtain a fresh cigarette and ensure the filter has been fully removed.

• Ensure the 10 mL syringe is screwed in completely to the stopcock.

• Tightly re-wrap the Tygon tubing and the cigarette as well as the Tygon tubing and the 3-way stop-

cock with fresh Parafilm.

Problem 5

There are bubbles in the cartridges for the Spectradyne nCS1 nanoparticle tracking analyzer (see

Steps 70–72).

Potential solution

If bubbles are visually apparent in the bottom of the cartridge or the system gives an error in Step

70e, perform the following.

• Remove the cartridge.

• Carefully take the solution out from the cartridge with a pipette.

• Add fresh solution, avoiding double pipetting.

• Tap the cartridge slowly and firmly on the bench to remove any bubbles.

Problem 6

The concentration of the PBS-T buffer used as a ‘blank’ is >1 3 108/mL (see Step 70).

Potential solution

If the PBS-T buffer used as the ‘blank’ has a high background (>1 3 108 particles per mL), filter the

PBS-T through a 0.02 μm filter or 100 kDa MWCO centrifugal filter a second time to remove any addi-

tional particles.

Problem 7

The EV concentration of the sample(s) is not higher than background (i.e., the concentration of the

‘blank’) (see Step 73).
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Potential solution

If the EV concentration is significantly higher different than the ‘blank,’ it is likely that the EV pellet

was lost during supernatant removal following ultracentrifugation or inadequate EV pellet resuspen-

sion. To avoid losing the EV pellet with the supernatant removal following centrifugation, we recom-

mend that supernatant be removed promptly following ultracentrifugation to prevent loosening of

the EV pellet with gradual EV resuspension as the ultracentrifuge tube sits undisturbed. Moreover,

we recommend removing supernatant using a 200 μL pipette tip with a 20–200 μL pipette with the

pipette tip pointed toward the side of the ultracentrifuge tube opposite of the tube label, which

should keep the pipette tip away from the EV pellet. To effectively resuspend the EV pellet, point

the 200 μL pipette tip toward the side of the tube with the EV pellet, making sure not to skip the pi-

petting and vortexing steps as they are very important to the final EV yield.

Problem 8

Peaks are observed in the EV sample size distribution >200 nm (see Step 73).

Potential solution

Peaks in the size distribution of a sample beyond 200 nm suggests that a pure sample of EVs were

not isolated. Particulate contamination can occur for different reasons, such as a disturbance in the

large EV/particle pellet after the 10,000 x g centrifugation while collecting the supernatant for ultra-

centrifugation or from protein aggregates in your sample. To deplete the sample of large EVs/par-

ticles, repeat Step 56. To deplete the sample of protein aggregates, repeat Step 64 or add a sucrose

gradient.

Problem 9

The EV concentration is too dilute (see Step 81).

Potential solution

Concentrate the EV sample using a 10–100 kDa MWCO centrifugal filter according to manufacturer

specifications. The concentration of the pooled EV sample will need to be measured to confirm that

a sufficient number of EVs are available for the FRET assay.

Problem 10

Insufficient number of EVs to perform the FRET assay (see Step 81).

Potential solution

EV samples from the same experimental condition may be pooled and concentrated using a

10–100 kDa MWCO centrifugal filter according to manufacturer specifications. The concentration

of the pooled EV sample will need to be measured to confirm that a sufficient number of EVs are

available for the FRET assay.

Problem 11

MMP-12 activity is saturated (see Step 90).

Potential solution

Repeat the MMP-12 activity assay using fewer EVs and/or changing the plate reader PMT to ‘me-

dium/low.’

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead con-

tact, Camilla Margaroli (cmargaroli@uabmc.edu).
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Technical contact

Questions about the technical specifics of performing the protocol should be directed to the technical contact, Ezgi Sari

(esari@uab.edu).

Materials availability

Please contact the lead contact for requests as above.

Data and code availability

This study did not generate any datasets or code.
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