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Abstract

Cardiovascular disease, the current leading cause of death worldwide, is a multifactorial disorder that involves a strong
contribution of both the innate and adaptive immune systems. Overactivation of the immune system and inappropriate
secretion of pro-inflammatory cytokines lead to vascular impairments and the development of cardiovascular disorders,
including hypertension, atherosclerosis, and peripheral artery disease. Lymphocytes, macrophages, and dendritic cells can
all secrete pro-inflammatory cytokines. This makes it challenging to isolate a specific subset of immune cells, particularly
cytokines, and their contribution to vascular dysfunction remains difficult to elucidate. To solve this problem, our laboratory
has developed the novel “immune cell-aorta” co-culture system described herein. This experimental protocol enables
investigators to isolate an immune cell of interest and identify the cytokine(s) at the origin of vascular alterations.

Key features

e Novel ex vivo approach combining the culture of one population of immune cells with blood vessels.

e No direct contact between the cells and the blood vessels; the model enables studying the role of immune cell-derived
factors or cytokines on vascular function.

e Blood vessels can subsequently be used for functional (wire/pressure myography), molecular (western blot, quantitative
real-time RT-PCR), and histological studies.
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T cells and macrophages isolated from murine spleens and bone marrow, respectively, are cultured and plated in a
24-well plate. A murine aorta is excised, cleaned, sectioned, and placed into a transwell assay with 200 pL of fresh media.
After overnight incubation, vessels may be extracted and cells and vessels analyzed via RT-qPCR, western blot, or wire

myography.

Background

Cardiovascular disease (CVD), including heart failure, atherosclerotic diseases, and stroke [1], is the primary cause of death
worldwide and is currently on the rise [2]. Its etiopathology is complex and multifactorial, and involves, among other
mechanisms, an overactivation of the immune system [3]. Hypertension, the leading modifiable cardiovascular disease risk
factor, as well as atherosclerosis and other cardiovascular disorders, have all been shown to have a strong immune
component and involve the contribution of both the innate [4] and adaptive immune systems [3]. Compelling evidence from
both human and rodent studies highlights roles for monocytes [5], macrophages [6], dendritic cells [7], and T lymphocytes
(T cells) [8]. Notably, excessive production of pro-inflammatory cytokines by the latter immune cells has been shown to
cause vascular inflammation and dysfunction [9—11], both precursors of hypertension and CVD. Pro-inflammatory cytokines
can act directly on blood vessels to increase their contractile phenotype [12] and vascular oxidative stress [13], and to
promote endothelial nitric oxide synthase (eNOS) uncoupling [14]. However, identifying the type of immune cells producing
the pro-inflammatory cytokines and the cytokine involved in the vascular alterations remains challenging; hence, the
development of the protocol described here.

Macrophages can generally be split into two groups, M1 and M2 macrophages [15]. M1 macrophages, which have more of
a pro-inflammatory phenotype, produce TNFa, IL-1f, IL-6, and IL-8, which contribute to endothelial dysfunction [16].
Conversely, M2 macrophages are seen as cardioprotective [17]. In our protocol, bone marrow—derived macrophages were
grown and differentiated from hematopoietic stem cells using macrophage colony-stimulating factor. Macrophages can
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further be differentiated into the M1 subtype via the addition of lipopolysaccharide (LPS) and IFN-y, whereas the addition
of IL-4 will differentiate macrophages into the M2 subtype [18].

With respect to T cells, the two main subtypes are cytotoxic CD8+ T cells and helper CD4+ T cells [19]. The cytotoxic
CD&8+ T cells directly interact with and destroy infected cells via the production of pro-inflammatory cytokines such as IFN-
v and TNFa [20,21], which contribute to endothelial dysfunction via eNOS uncoupling [22] and increasing oxidative stress
[23,24]. Meanwhile, CD4+ T helper cells, as opposed to CD8+ T cells, work to modulate the immune response as opposed
to directly killing infected cells [25]. Naive CD4+ T cells undergo differentiation into effector CD4+ T cells, including those
with pro-inflammatory phenotypes such as Thl [26] and Th17 [27,28], along with the anti-inflammatory T regulatory cells
(Tregs) [28]. The pro-inflammatory effects of Th1 and Th17 are modulated via IFNy, TNFa, and IL-17A [29,30]. Like IFNy
and TNFo, IL17A has also been linked to endothelial dysfunction, vascular inflammation, and hypertension [31]. Conversely,
IL-10 produced by Tregs reduces inflammation and has endothelial-protective activity [32]. In addition, Tregs are increased
in a female rat model of hypertension and decrease blood pressure, which demonstrates their effect on blood pressure as
well as sex-specific effects [33].

Taken together, T cells and macrophages can secrete pro- and anti-inflammatory cytokines, which induce endothelial
dysfunction through inflammation, downregulation, or uncoupling of eNOS, and increased oxidative stress. Our novel co-
culture system provides a novel approach to investigate how cytokines produced by individual macrophage or T-cell subsets
affect blood vessels, which was not previously possible. In addition to looking at vessel function, the cytokine-containing
media can be analyzed to identify and quantify the cytokines present via Multiplex and ELISA. Additionally, analysis of the
immune cells themselves, via flow cytometry, RT-qPCR, and western blotting, can provide more evidence of altered
cytokine production.

Materials and reagents

Biological materials

1. Murine spleen collected from male and female 8—12-week-old mice for isolation of CD3+, CD4+, or CD8+ T cells

2. Murine bone marrow isolated from male and female 8—12-week-old mice for differentiation of bone marrow—derived
hematopoietic stem cells into macrophages

3. Male and female murine thoracic and abdominal aortas isolated from 8—12-week-old mice for co-culture (aortas are
isolated 72 h after T-cell isolation or macrophage terminal differentiation)

Reagents

1. Phosphate-buffered saline (PBS) (Fisher, catalog number: SH30256LS)

2. Bovine serum albumin (BSA) (Millipore Sigma, catalog number: 3117332001)
3.2 mM EDTA (Millipore Sigma, catalog number: E9884-500G)

4. MACS® BSA stock solution (Miltenyi, catalog number: 130-091-376)

5. MACS® rinsing solution (Miltenyi, catalog number: 130-091-222)

6. RPMI 1640 (Fisher, catalog number: 72-400-047)

7. FBS (R&D Systems, catalog number: S11550)

8. Pen/Strep (Fisher, catalog number: SV30010)

9. TexMACS medium, 500 mL (Miltenyi, catalog number: 130-097-196)

10. Mouse IL-2 IS premium-grade TexMACS (Miltenyi, catalog number: 130-120-332)
11. Mouse M-CSF (Miltenyi, catalog number: 130-094-129)

12. 2-Mercaptoethanol (BME) (Fisher, catalog number: BP176-100)

13. Penicillin-Streptomycin (Pen/Strep) (Fisher, catalog number: SV30010)

14. Amphotericin (Fisher, catalog number: MT30003CF)

Solutions

1. T-cell isolation buffer (see Recipes)
2. T-cell culture media (see Recipes)
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3. Naive CD3+ T-cell separation media (see Recipes)
4. Macrophage differentiation/culture media (see Recipes)

Recipes

1. T-cell isolation buffer

Reagent Final concentration Quantity or volume
Sterile PBS n/a 20 mL

BSA 0.5% 10 mg

EDTA 2 mM 11.7 mg

Total n/a 20 mL

Prepare a solution containing PBS, pH 7.2, 0.5% BSA, and 2 mM EDTA by diluting MACS® BSA stock solution 1:20 with
autoMACS® rinsing solution.

2. T-cell culture media

Reagent Final concentration Quantity or volume
RPMI 1640 media n/a 17 mL

FBS 10% 2mL

Pen/Strep 5% 1 mL

Total n/a 20 mL

3. Naive CD3+ T-cell separation media

Prepare T-cell separation media by mixing 500 mL of TexMACS medium with mouse IL-2 IS premium-grade TexMACS,
plus 10% FBS, 0.01 mM BME, 1:100 Pen/Strep, and 1:100 Amphotericin (add 50 U/mL of IL-2 to the media used for
culture only right before use).

BME is prepared by diluting to 1:1,000. 70 pL of BME is added to each 100 mL of media.

IL-2 is prepared by dissolving it in 500 pL of PBS (stock 500 U/uL); 1 uL of diluted solution is added per 10 mL of media.

4. Macrophage differentiation/culture media

Reagent Final concentration Quantity or volume

RPMI 1640 media N/A 17 mL

FBS 10% 2mL

Pen/Strep 5% 1 mL

M-CSF 20 ng/mL 20 puL

Total n/a 20 mL
Laboratory supplies

A. T-cell isolation

1. 1.5 mL Eppendorf tube (one per mouse) (Fisher, catalog number: 21-402-903)

2. 50 mL conical tubes (one per mouse) (Fisher, catalog number: 14-955-239)

3. 40 uM cell strainers (one per mouse) (Fisher, catalog number: 223-635-47)

4. 10 mL serological pipette (Fisher, catalog number: 12-567-603)

5. Plunger of a 1 mL syringe (one per mouse) (Fisher, catalog number: 14-817-179)

6. Pan T-Cell Isolation kit II (CD3+ T cells) (Miltenyi Biotech, catalog number: 130-095-130), CD4+ T-Cell Isolation kit
(Miltenyi Biotech, catalog number: 130-104-454), CD8a+ T-Cell Isolation kit (Miltenyi Biotech, catalog number: 130-104-
075)

7. LS columns (one per mouse) (Miltenyi Biotech, catalog number: 130-042-401)

8. Magnetic separator (Miltenyi, catalog number: 130-042-302; MidiMACS™ Separator on MACS® MultiStand, catalog
number: 130-042-303)

9. 24-well plate with 0.4 pm polyester transwell inserts (Costar, catalog number: 3470)
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B. Macrophage isolation and differentiation

1. 5 mL Eppendorf tube (one per mouse) (Fisher, catalog number: 21-402-903)

2. 100 puM cell strainers (one per mouse) (Fisher, catalog number: 22-363-549)

3. 50 mL conical tubes (one per mouse) (Fisher, catalog number: 14-955-239)

4. Plunger of a 1 mL syringe (one per mouse) (Fisher, catalog number: 14-817-179)

5. 10 mL syringe (Fisher, catalog number: 14-955-459)

6. 27-gauge '2” hypodermic needles (one per mouse) (Fisher, catalog number: 14-840-82)
7. 150 mm untreated culture plate (Thermofisher, catalog number: 150468)

Equipment

1. Dissection tools (micro scissors, scissors, forceps) (Fine Science Tools, catalog numbers: 15023-10, 14061-10, 14001-14,
11252-20, and 11274-20)

2. PipetBoy (BrandTech BRAND accu-jet pro Fisher Scientific, catalog number: 13-688-567)

. Pasteur pipette

. Refrigerated centrifuge for splenocytes isolation (Thermo Sorvall, model: ST16R with rotor, model: 73003181)

. Refrigerated centrifuge for T-cell centrifugation (Labnet Prism R Refrigerated Microcentrifuge, model: C2500-R)
. Water bath (Fisherbrand, model: Isotemp SWB15)

. Cell culture incubator (37 °C, 5% CO) (Heracell 150i)

. Cell culture hood (Thermo Scientific, model: 1300 Series A2)

. Dissection microscope (Olympus, model: SZ61)

. Cell counter (Life Technologies Countess II)
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Software and datasets

1. Prism v10 (GraphPad)
2. Microsoft Excel v16.90.2
3. BioRender (https://www.biorender.com)

Procedure

A. Mouse euthanasia

1. Take 8-12-week-old mice of the desired strain and anesthetize them.
B. CD3+, CD4+, or CD8+ T-cell isolation

1. Once euthanized, bring the mouse under a biosafety cabinet, spray the whole animal with 70% ethanol, and, using sterile
tools, excise the murine spleen as quickly as possible, place it in a 1.5 mL Eppendorf tube filled with cold sterile PBS, and
place it on ice.

2. Place the 40 pum cell strainer over the 50 mL conical tube under sterile conditions in a cell culture hood.

3. Remove the spleen from cold, sterile PBS and transfer it to a cell strainer. Use the back of the plunger of a 1 mL syringe
to break up the spleen against the filter. Wash the filter with cold, sterile PBS and transfer the splenocytes into the conical
tube (Figure 1).

4. Spin down the splenocytes at 1,500 rpm for 10 min (300% g) in 50 mL conical tubes, discard the supernatant, and resuspend
the splenocytes in isolation buffer.
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5. Follow Miltenyi’s manufacturer instructions to isolate T cells. The Miltenyi isolation protocol is done via negative
selection to prevent erroneous T-cell activation. If using a different kit, be sure they also isolate via negative separation
(Figure 2).

6. Spin down T cells at 1,500 rpm for 10 min (300x g) and resuspend in 10 mL of cold, sterile PBS. Count cells.

7. Spin down T cells at 1,500 rpm for 10 min (300% g) and resuspend in T-cell culture media at a concentration of 12,000,000
cells/mL.

8. Pipette 1 mL of cell suspension (12,000,000 cells) into each well of the 24-well plate.

Note: Do not leave the transwell insert in.

9. Incubate T cells for 72 h in a cell culture incubator (at 37 °C and 5% CO,).

Figure 1. Visualization of spleen pulverization. Place a 40 pM strainer over a 50 mL conical tube in a general tube holder
under sterile conditions. Using the back of a 1 mL pipette, “squish” the spleen through the filter and continually wash with
cold, sterile PBS to facilitate the transfer of all cells. When finished, the liquid in the conical tube will be a cloudy red, and
a translucent “shell” of the spleen will be left on the filter. From this step, continue to centrifugation.

Figure 2. Setup of a Miltenyi magnetic separator. The setup of the magnetic separator involves a magnetic stand (black),
a strong magnet tailored to the size of your magnetic column (purple), the LS magnetic column, and a collection tube as
shown. It is possible to use the smaller MS column; however, the flow rate through the column will take longer and this will
risk increased cell death. This should be performed under sterile conditions, and if desired, you may keep the collection tube
on ice to increase the chances of cell survival.
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C. Bone marrow—derived macrophages isolation and differentiation

1. After euthanasia, isolate the left and right tibia and femur and place them in cold sterile PBS. It is essential to ensure all
tissue is removed from the bone. Letting them sit in PBS for 1 h will loosen the remaining adhering tissue (Figure 3).

Figure 3. Visualization of bones before and after flushing of the bone marrow. After cleaning the bones of all tissue,
the bone marrow will be visible within the bone as a crimson line, shown on the left. Once flushed, the crimson coloring
will be cleared from the bone and will be a consistent, opaque color throughout, as seen on the right.

2. Set up 50 mL conical tubes with a 100 uM filter on top.

3. In the cell culture hood, under sterile conditions, carefully cut the ends of the tibia and femur and flush them using 10 mL
of RPMI complete media with a 27G x 1/2” hypodermic needle into the 100 um filter. The bone marrow will be visible
within the bone as a maroon color, and once flushed, it will be opaque, like the rest of the bone.

4. Similar to the spleen, use the back of the plunger of a 1 mL syringe to push the bone marrow through the filter, and wash
the filter with 10 mL of RPMI complete media.

5. Centrifuge cells at 1,500 rpm for 10 min (300% g), resuspend in 10 mL of RPMI complete media, and plate in a 150 mm
untreated culture dish.

6. Once plated, induce differentiation by adding 20 ng/mL of M-CSF every other day for 6 days.

7. Once differentiation is complete, remove macrophages under sterile conditions using a Pasteur pipette and spin down at
1500 rpm for 10 min (300x g).

8. Count cells and resuspend to a concentration of 12,000,000 cells/mL in new, complete media. Plate 1 mL (12,000,000
cells) per well in a 24-well plate.

Note: Do not leave the transwell insert in.

9. Incubate in a cell culture incubator at 37 °C and 5% CO, and treat every other day for 6 days. Proceed to use for co-
culture.

D. Thoracic and abdominal aorta isolation

1. After euthanasia and decapitation, cut from the neck, through the ribs to the gonads. During this process, it is imperative
to ensure you do not cut the heart, liver, or intestines, as doing so may damage the integrity of the vessel.

2. Cut the diaphragm carefully to avoid cutting the aorta. Cutting along the bottom rib should ensure this does not occur.
From the top of the ribcage, carefully cut outward toward the left and right sides of the mouse to open up the ribcage and
remove it to expose the thoracic cavity.

3. At this point, it is helpful to pin down the mouse. One dissection pin (or hypodermic needle) through each paw and four
on either corner to pull the skin back is ideal (Figure 4A).

4. Carefully remove the lungs by grabbing each lobe, lifting, and removing as much as possible without stretching or
harming the thoracic aorta. If this portion is difficult to do without cutting the aorta, you may skip this step and remove the
lungs with the aorta and remove them under the dissection microscope.

5. Remove the liver, stomach, and intestines by gently lifting up the liver using forceps and carefully cutting down the
midline of the animal. Looking down at the thoracic aorta while performing this step will help visualize where the aorta is
and prevent damaging it. By the end of this step, you should have a clear view of the heart, thoracic aorta, and abdominal
aorta (Figure 4B).

Note: It is essential to leave the kidneys, as removing them will damage the abdominal aorta.
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6. Taking care not to stretch the thoracic or abdominal aorta, pull up on the heart and excise the aorta along with the
perivascular adipose tissue (PVAT) by cutting between the aorta and spine down to the aortic bifurcation. If you find it
difficult to remove without damaging the aorta, you can remove a portion of the spine as well as the aorta. This will ensure
the entire aorta is excised undamaged (Figure 4C).

7. Once the aorta is removed with the heart, transfer to a dissection dish containing cold PBS. Using dissecting pins or
hypodermic needles, elongate and pin down the aorta by fixing one in the heart and one either in the aorta bifurcation or the
PVAT at the end of the abdominal aorta. During this step, take care not to stretch the aorta, as doing so will damage the
vessel’s integrity.

8. Using a dissecting scope, scissors, and forceps, carefully remove the PVAT, kidneys, abdominal muscles, and spine that
may be attached to the thoracic and abdominal aorta. Again, be careful not to stretch or cut the aorta during this process.
(Figure 4D).

9. Once cleaned, cut the aorta above the renal bifurcation, separating the thoracic and abdominal aortas, and further cut the
abdominal and thoracic aortas in half again, creating four equal-length aortic sections.

Figure 4. Isolation and cleaning of the thoracic and abdominal aorta. (A) Once the head is removed, cut from the neck,
opening down to the gonads of the mouse, and open to a fully flayed position. (B) From this point, the internal organs (lungs,
liver, spleen, intestines) may be removed. Do not remove the kidneys. (C, D) Grab the heart using forceps and carefully cut
along the spine down to the aorta bifurcation, taking care not to cut the aorta in the process. (E) Once removed, you will
have an isolated, unclean aorta. (F) Use fine-tipped forceps and micro scissors to carefully clean off the perivascular adipose
tissue (PVAT), kidneys, and any abdominal muscle that is attached to the thoracic and abdominal aortas. Ideally, the aorta
will naturally clear itself of blood during this step. If blood does coagulate within the aorta, cut it into fourths as described
in step D9; then, you will be able to carefully remove it using fine-tipped forceps.
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E. Aorta co-culture

1. Once the T cells/macrophages have been in culture for 72 h, place the filter insert and add 200 pL of fresh TexMACS
media with 10% FBS, 0.01 mM 2-Mercaptoethanol, 1:100 Pen/Strep, 1:100 Amphotericin, and 50 U/mL Interleukin 2 into
the top of the insert.

2. Place one half of the abdominal and one half of the thoracic aorta into individual wells corresponding to one condition,
and the other halves into the individual control wells. If pressed for resources, you may combine the thoracic and abdominal
aortas into one transwell of the same condition (Figure 5).

3. Allow the vessels to incubate overnight (16 h) and gently remove the vessels from the media with forceps.

4. Samples can be flash frozen for RT-qPCR or western blot.

5. We have used these vessels for myography and saw a slight decrease in the constrictive capacity of the vessel. When
mounting on the myograph, remove the vessels from the transwell using fine-tip forceps, taking care to grab the very end of
the vessel to prevent damage, and place them in warm physiological salt solution to transfer for mounting on the wire

myograph. Take care not to use cold physiological salt solution, as it will shock the vessels and cause damage. A more in-
depth explanation may be found in [34].

6. The media may be extracted via pipette and analyzed for cytokine concentration via ELISA.

7. The T cells or macrophages lying at the bottom of the plate may be removed by a cell scraper and analyzed via RT-qPCR
or western blot.

Figure 5. Co-culture of the thoracic and abdominal aorta. Once divided into four sections, place the transwell inserts
into the 24-well plate. Add 200 pL of fresh media into the insert and place one-half of each aorta in each transwell. If pressed
for resources, you may combine the thoracic and abdominal aortas from the same condition into one transwell.

Data analysis

One of the strengths of this technique is the ability to generate a lot of data from one experiment. In our hands, we have used
this to:

1. RT-qPCR or western blot of the vessel and the immune cells themselves to look for upregulation of oxidative stress
markers, endothelial dysfunction, and cytokine production, respectively.

2. Testing the vascular reactivity of the vessels via wire myography.

3. Analysis of cytokine concentration in the media via ELISA and multiplex assay.
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Validation of protocol

The protocol has been used and validated in the following research article:
e Kress et al. [34]. CD4" T-cells Expressing Viral Proteins Induce HIV-Associated Endothelial Dysfunction and
Hypertension Through Interleukin 1a-Mediated Increases in Endothelial NADPH Oxidase 1. Circulation.

General notes and troubleshooting

General notes

1. When isolating the spleen for T-cell isolation, place it immediately on ice. Furthermore, during the steps of T-cell isolation,
keep the different steps on ice for as long as possible while completing the steps as fast as possible. Doing so will ensure the
highest probability of T-cell survival. A refrigerated centrifuge is necessary.

2. Similar to T cells, when isolating macrophages, bones must be placed on ice for transport, and effort should be made to
keep bone marrow on ice during straining. A refrigerated centrifuge is ideal.

3. While difficult, isolating the vessels should be done carefully so as not to cut them. Like T cells and macrophages, this
must be done on ice if it takes longer than 15 min.

Troubleshooting

Problem 1: Low viability of T cells.

Possible causes: The isolation time was too long, or samples were not kept on ice.

Solution: In addition to keeping the spleen on ice, keeping the conical tubes on ice during pulverization and magnetic
separation will result in the highest survival likelihood.

Problem 2: Difficulty with keeping the aorta intact.

Possible cause: Not being careful enough when removing the aorta and/or cleaning.

Solution: Try different forceps and microdissection scissors to find what you prefer. If you have not done this before, practice
more until you are proficient.

Problem 3: Contamination of the culture dish.

Possible cause: Not performing the cell culture steps under sterile conditions.

Solution: Spray down the cell culture hood, equipment, and hands with ethanol when performing all steps in the cell culture
hood.

Problem 4: Potential interferences with aorta resident immune cells.

Possible causes: Incomplete removal of aorta perivascular adipose tissue where immune cells reside, or use of aorta from
mice with inflammatory disease.

Solution: Clean the aorta from surrounding perivascular adipose tissue and use the aorta from young healthy mice.
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