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Abstract

Glomerular diseases characterized by injury to post-mitotic epithelial cells called podocytes are a leading cause of chronic
kidney disease. Yet, isolating podocytes from the kidney for transcriptomic, proteomic, and metabolomic studies has been
a major technical challenge. Protocols utilizing glomerular sieving and laser capture methods are of limited use because they
are not podocyte-specific but instead capture all four glomerular cell types. Here, we present a magnetic-activated cell
sorting (MACS) method where podocytes are isolated from digested whole kidneys using antibodies specific to extracellular
antigens on podocytes. Using microbeaded secondary antibodies binding to the podocyte-specific primary antibodies allows
sorting of the podocytes using a magnet. This podocyte-only cell fraction is a unique source of in vivo—derived cells for
molecular and cellular experiments.

Key features

e The protocol isolates a podocyte-only cell population from kidneys that is readily available for molecular and cellular
studies.

e  The non-podocyte fraction serves as a matching negative control.

e High cell yields are obtained.

e The method can be applied to separately isolate podocytes from the outer cortex and juxtamedullary regions of the
kidney.
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Graphical overview

Podocyte Isolation from Mouse Kidneys
Magnetic Activated Cell Sorting (MACS)
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Mouse kidneys are enzymatically and mechanically digested into a single cell suspension. Surface antigens on
podocytes are then labeled with a pool of specific antibodies that only bind to extracellular proteins expressed on podocytes.
Magnetic microbead-conjugated anti-rabbit [gG antibodies bind to the podocyte-specific antibodies. Kidney cell suspensions
containing microbead-conjugated podocytes are added to a column containing ferromagnetic spheres. Placement under a
magnetic field retains podocytes in the column matrix, while unbound non-podocytes flow through and are collected. Finally,
upon removal of the magnet, podocytes are flushed from the column and collected.

Background

Thanks to advances in biological technology and computing, the role of bioinformatics in biomedical research has exploded
in recent years [1]. In nephrology, this has resulted in the collection of large datasets that include genome, transcriptome,
proteome, and metabolome data from kidney patients, as well as from mice with experimental models of kidney disease [2—
10].

However, a major challenge in collecting these data is the structural and cellular complexity of the kidney. The mouse kidney
has been reported to contain >19 different cell types [11,12], and recent single-cell studies of the human kidney identified
even up to 41 different cell types [11-13]. This makes it very difficult to collect data from any one specific kidney cell type.
Podocytes are particularly very challenging, as these post-mitotic glomerular epithelial cells are tightly attached to the
glomerular basement membrane and wrapped around the underlying vasculature.

One solution to this dilemma is the development of large-scale collections using single-cell and single-nuclear technology,
which allows the extraction and analysis of individual cell types [14,15]. This methodology has some great advantages, such
as the discovery of transcriptional similarities and differences within a given cell population of, e.g., healthy and diseased
states, or the identification of rare cell populations that would otherwise go undetected in large pools of cells. Yet, isolating
podocytes by single-cell/nuclear methods often produces low yields, and each single cell contains significantly less mRNA
compared to a bulk sample of pooled cells. Thus, the detection of low-level expressed genes can be overlooked [14].
Microdissection or isolation of glomeruli and tubules can increase the granularity and depth in the data [16,17], but this
approach then lacks cell type specificity.
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In mice, one alternative to isolate specific kidney cell types is the use of cell-specific fluorescence reporter lines used for
lineage tracing [18,19]. Performing fluorescence-activated cell sorting (FACS) on digested kidneys can obtain large pools
of specific kidney cell types. Yet, limitations include the effects of long-term expression of exogenous reporters in these
cells and, in the case of inducible reporters, toxic effects from the compounds used to induce expression, like tamoxifen [20],
as well as the known toxicity of Cre recombinase [21-23]. Finally, a major limitation is that the vast majority of mutant and
transgenic mice, and all human kidneys, lack fluorescence cell reporters.

In the protocol described herein, we provide a method for the isolation of large pools of mouse glomerular podocytes for
use in bulk RNA sequencing as well as other bioinformatic applications that bypasses many of these issues.

Materials and reagents
Reagents

1. Liberase™ TL research grade, low thermolysin (Sigma-Aldrich, catalog number: 5401020001, store at -20 °C)

2. DNase I recombinant, RNase-free (Sigma, catalog number: 4716728001, store at -20 °C)

3. Anti-nephrin, rabbit monoclonal antibody (G17-H); recognizes the epitope located between the Cys53-Cys101
extracellular domain (MyBiosource.com, catalog number: MBS684143, store at -80 °C)

4. Anti-nephrin, rabbit monoclonal antibody (Y17-R); recognizes the epitope located between the Cys465-Cys528
extracellular domain (MyBiosource.com, catalog number: MBS684100, store at -80 °C)

5. Anti-podoplanin (PDPN), rabbit monoclonal antibody; membranous mucin-type O-glycosylated glycoprotein, expressed
on the surface of podocytes (MyBiosource.com, catalog number: MBS179563, store at -80 °C)

6. Anti-Rabbit IgG MicroBeads (Miltenyi Biotec, catalog number: 130-048-602, store at 4 °C)

7. Alexa Fluor® 594 AffiniPure™ donkey anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., catalog number:
711-585-152, store at 4 °C)

8. Dulbecco’s phosphate-buffered saline, 1x with calcium and magnesium (Corning, catalog number: 21-030-CM, store at
4°C)

9. EDTA solution, 0.5 M pH 8.0 (Invitrogen, catalog number: AM9260G, store at room temperature)

10. DEPC-treated, DNase- and RNase-free, mol. biol. water (for RNA work) (Fisher Scientific, catalog number: BP5611,
store at room temperature)

11. Bovine serum albumin (BSA), lyophilized powder (Sigma-Aldrich, catalog number: A2058, store at 4 °C)

12. HyClone™ RPMI 1640 media, liquid (Cytiva, catalog number: SH30605.01, store at 4 °C)

13. HyClone™ 100 mM sodium pyruvate solution (Cytiva, catalog number: SH3023901, store at 4 °C)

14. Corning® Nu-Serum™ IV growth medium supplement (optional); can be replaced with standard fetal bovine serum
(Corning, catalog number: 355504, store at -20 °C)

15. Penicillin-streptomycin (10,000 U/mL) (optional); increases shelf life of the podocyte wash media (Thermo Fisher,
catalog number: 15140122, store at 4 °C)

16. ProLong™ Gold antifade mountant (Thermo Fisher, catalog number: P10144, store at room temperature)

Solutions

1. Podocyte wash media (see Recipes)

2. MACS buffer (see Recipes)

3. Liberase stock solution (see Recipes)

4. DNase stock solution (see Recipes)

5. Digestion buffer (Liberase/DNase working solution) (see Recipes)

Recipes

1. Podocyte wash media
Filter sterilize. Store at 4 °C and use within 2 months.

Reagent Final concentration Volume

RPMI 1640 Classic liquid medium 500 mL

Sodium pyruvate 1 mM 5 mL
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Nu-Serum™ IV growth medium supplement 9% 50 mL
Penicillin-streptomycin (optional) 100 U/mL SmL
Total 560 mL

2. MACS buffer
Make fresh. Store at 4 °C and use within 1 week.

Reagent Final concentration Quantity
Dulbecco’s phosphate-buffered saline 1x 50 mL
EDTA solution (0.5 M) 2 mM 0.2 mL
BSA 0.5% 025¢g
Total 50 mL

3. Liberase stock solution
Freeze at -20 °C, avoid repeated freezing and thawing, and use within 1 year. 0.1 mL aliquots can be used to digest two
mouse kidneys.

Reagent Final concentration Quantity
Liberase™ TL 10 mg/mL 5 mg/vial
Water (for RNA work) 0.5 mL

4. DNase stock solution
Freeze at -20 °C, avoid repeated freezing and thawing, and use within 1 year. 0.05 mL aliquots can be used to digest two
mouse kidneys.

Reagent Final concentration Quantity
DNase 10 U/mL 10,000 U/vial
Total

5. Digestion buffer (Liberase/DNase working solution)
Make fresh on the day of digestion. Keep on ice. Can be used to digest two mouse kidneys.

Reagent Final concentration Volume
Liberase stock solution (Recipe 3) 0.2 mg/mL 0.1 mL
DNase stock solution (Recipe 4) 100 U/mL 0.05 mL
RPMI 1640 n/a 5SmL
Total 5SmL

Laboratory supplies

. Fisherbrand™ 10 cm Petri dishes (Fisher Scientific, catalog number: FB0875713)

. 15 mL conical tubes (Falcon™, catalog number: 352095)

. 30 mL conical tubes (VWR, catalog number: 76521-346)

50 mL conical tubes (Falcon™, catalog number: 352070)

. 1.7 mL microfuge tubes (VWR, catalog number: 87003-294)

. 10 x 75 test tubes (Falcon™, catalog number: 352054)

. Fisherbrand™ sterile 10cc syringes (Fisher Scientific, catalog number: 14-955-459)
. BD PrecisionGlide™ needle 18 G x 1-1/2 in. (Becton Dickenson, catalog number: 305196)
. Cell strainers, 100 um (Sigma-Aldrich, catalog number: CLS431752)

10. Cell strainers, 40 um (Sigma-Aldrich, catalog number: CLS431750)

11. LS columns (Miltenyi Biotec, catalog number: 130-042-401)

Equipment

1. Shaking water bath (e.g., Thermo Scientific, model: 2876)
2. Roto Shake Genie or tube rotator (e.g., Scientific Industries, model: SI-1100)
3. Centrifuge (Eppendorf, model: 5424)
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4. MidiMACS™ separator (Miltenyi Biotec, catalog number: 130-042-302)
5. MACS® MultiStand (Miltenyi Biotec, catalog number: 130-042-303)

Procedure

A. Kidney dissociation (Figure 1)

Mince kidneys on ice with ~ Transfer minced kidneys Wash plate with 4ml Place in 37°C water Suspension should be
scalpel or razor blade with 1 ml digestion buffer digestion buffer and transfer bath and shake for  cloudy with only few
to 15 ml conical tube to 15 ml conical tube 30 minutes chunks remaining

Pour digested kidneys Draw the kidney digest Pour over 100 ym cell ~ Add 10 ml of podocyte Add another 10 ml of
into 10cc syringe through the needle, strainer and use plunger wash media to the 30ml  podocyte wash media to
repeating 10 times to push any chunks tube to rinse the 30ml tube to rinse
through the cell stainer

Pour over 40 pm cell Add 10 ml of podocyte Add another 10 ml of Centrifuge at 300G at
strainer and use plunger wash media to the 50ml podocyte wash media to 4°C for 5 minutes to
to push glomeruli through tube to rinse the 50ml tube to rinse form a cell pellet

the cell stainer
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Figure 1. Kidney dissociation

1. Turn on the shaking water bath, fill with distilled water if needed, and set to 37 °C. Set the shaking speed to 125 cycles
per minute (cpm).
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2. Place 15 mL of RPMI 1640 media into a 10 cm Petri dish and place on ice to hold the extracted mouse kidneys.

3. Take out autoclaved forceps.

4. Take out sterile scalpel or razor blade.

5. Euthanize the mouse according to the IACUC-approved method, quickly extract kidneys, and place into a 10 cm Petri
dish.

6. Place a 15 mL conical tube on ice. Remove Liberase stock solution (100 pL aliquot) and DNase stock solution (50 puL
aliquot) from -20 °C and let thaw on ice.

7. Add 5 mL of RPMI 1640 media to the 15 mL tube.

8. Make the digestion solution by adding 100 pL of Liberase stock solution and 50 uL of DNAse stock solution to the 5 mL
RPMI 1640 media.

9. Using forceps and a scalpel, remove the kidney capsule from the kidneys.

10. Slice the kidneys in half lengthwise. Using a scalpel or razor blade, trim off the cortex (red edge) containing the glomeruli
and retain it. Discard the inner white part (medulla), which does not contain glomeruli. This dissection removes unwanted
tissue and concentrates the podocytes; if the kidneys are very small, it is preferable to keep the whole kidney.

11. Pipette 0.5 mL of digestion buffer onto the kidneys.

12. With a scalpel or razor blade, very finely mince the kidneys, which were removed from the RPMI 1640 medium in which
they were collected.

13. Cut off the tip of a 1,000 pL pipette tip so the minced kidney does not get trapped; apply 0.5 mL of digestion buffer to
the minced kidney, pipette up and down, and transfer to a separate 15 mL conical tube (that has been kept on ice). Use the
remaining 4 mL of digestion buffer to wash the Petri dish and transfer to the tube containing the minced kidneys; this tube
now contains 2 minced kidneys and 5 mL of digestion buffer.

14. Tighten the cap and put parafilm around the cap to assure a good seal.

15. Place the 15 mL conical tube in a shaking water bath horizontally, making sure the tube is submerged.

16. Let the minced kidney shake (at 125 cpm) for 30 min. At the end of the digestion period, the suspension should be
cloudy, with only a few chunks of tissue remaining.

17. Prepare the following materials: 18 G needle, 10 mL syringe, (1) 30 mL tube on ice, (2) 50 mL tubes on ice, (1) 1.7 mL
microfuge tube on ice, 100 pm cell stainer on top of (1) 50 mL conical tube on ice, and 40 pum cell stainer on (1) 50 mL
conical on ice.

18. Apply the 18 G needle to the 10 mL syringe and remove the plunger from the syringe.

19. With the needle and syringe inside the 30 mL conical tube, pour the 5 mL of kidney digest into the syringe.

20. Add 5 mL of RPMI 1640 media to the 15 mL conical tube used for digestion to rinse the tube and pour into the 10 mL
syringe.

21. Replace the plunger and proceed to depress and draw the kidney digest through the needle, repeating 10 times to
mechanically dissociate the kidney tissue. The suspension should now be cloudy and contain visibly fewer chunks of kidney
tissue.

22. Slowly pour the 10 mL suspension over the 100 um cell strainer, using the plunger from the syringe to gently work any
remaining kidney chunks through the cell strainer.

23. Add 10 mL of podocyte wash media to the 30 mL tube to rinse the tube and pour over the 100 um cell strainer into the
10 mL of kidney digest.

24. Add another 10 mL of podocyte wash media to the 30 mL tube to rinse the tube and pour over the 100 um cell strainer
into the 10 mL of kidney digest.

25. Slowly pour the 30 mL of suspension over the 40 pm cell strainer, using the plunger from the syringe to gently work
any partially digested glomeruli through the cell strainer.

26. Add 10 mL of podocyte wash media to the 50 mL tube that contained the 100 pm cell strainer to rinse and pour over the
40 um cell strainer.

27. Add another 10 mL of podocyte wash media to the 50 mL tube that contained the 100 pm cell strainer and pour over the
40 pm cell strainer.

28. You should now have 50 mL of kidney cell suspension.

29. Centrifuge at 300x g for 5 min at 4 °C.

30. Aspirate podocyte wash media and retain the cell pellet.

31. Resuspend the pellet with 10 mL of podocyte wash media for a second wash to remove any residual digestion reagents.
32. Centrifuge at 300x g for 5 min at 4 °C.

33. Resuspend the pellet with 1 mL of podocyte wash media and transfer the kidney cell suspension to a 1.7 mL
microcentrifuge tube (kept on ice) for podocyte labeling.
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B. Podocyte labeling (Figure 2)
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Figure 2. Podocyte labeling

All the subsequent steps should be performed in a cold room to decrease the possibility of RNA or protein degradation.

1. Centrifuge the 1.7 mL microfuge tube containing kidney digest at 300x g for 3 min at 4 °C.

2. Remove supernatant.

3. Dilute the nephrin and podoplanin antibodies 1:100 in a final volume of 200 pL in podocyte wash media and resuspend
the cell pellet in the diluted antibodies.

4. Incubate for 1 h at 4 °C on Roto Shake Genie to label podocytes.

5. Following the incubation, add 1 mL of podocyte wash media to 200 pL of cells.

6. Centrifuge at 300% g for 3 min at 4 °C.

7. Remove supernatant.

8. Wash cells by adding 1 mL of MACS buffer and let it sit for 3 min.

9. Centrifuge at 300x g for 3 min at 4 °C.

10. Combine 80 pL of MACS buffer + 20 uL of anti-rabbit IgG Microbeads + 1 uL of Alexa Fluor® 594 AffiniPure™
donkey anti-rabbit IgG (1:100) with the resuspended cell pellet.

11. Incubate for 30 min at 4 °C without shaking on the Roto Shake.

12. Wash cells by adding 1 mL of MACS buffer and let it sit for 3 min.

13. Centrifuge at 300x g for 3 min at 4 °C.

14. Resuspend the cell pellet with 1 mL of MACS buffer.

Critical: MACS isolation of podocytes will not work if you do not use cell-specific antibodies that bind to the outside cell
membranes of live intact podocytes. The antibodies used in this protocol have been carefully selected and validated to meet
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this requirement (see Figure 3). While other antibodies may be used, they must be selected with this requirement in mind
and should be validated first. The antibodies listed have been tested on human kidney digests and do not work (data not
shown). We are currently testing candidate antibodies for the isolation of human podocytes.

FN-1II g7 Ig5 Ig3 . ig1

- c |
¥i7-R G17-
/ Iﬂ Iﬁ Antibody l" Igz ﬁnuh-:.lj'
Intracellular domain Spacer domain Extracellular domain

Figure 3. Nephrin/Nphs1 protein, showing the extracellular binding domains for the nephrin-specific antibodies [24]

C. MACS column podocyte isolation (Figure 4)

Add 1 ml MACS Buffer to the 100 ul Re-suspended cell Prepare the MACS LS Column by With MACS column inserted into

of cells and centrifuge at 300G at pellet with 1 ml placing in MACS Separator and MACS Separator to supply magnetic
4°C for 5 minutes MACS buffer rinsing with 2 ml MACS buffer  field, apply 1 ml of the cell suspension
containing labeled podocytes
Collect Non- Collect
podocytes podocytes
into 1.7ml into 1.7ml
Non-Podocytes Podocytes flow microfuge

flow through the column microfuge

/\ through the column h

CJ2

) 4
Allow cell suspension to flow through the Wash LS column Remove the LS Column from the MACS Separator
LS column while in MACS separator and twice with 1 ml to remove the magnetic field and apply 1 ml
exposed to its magnet until it clears the MACS buffer MACS buffer to flush podocytes from LS Column

matrix at the top of the column
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Figure 4. MACS column podocyte isolation

1. Prepare the LS column by rinsing with MACS buffer, apply 2 mL to the top of the LS column, and let the buffer run
through into a collection tube (10 x 75 Test tubes).

2. Discard the effluent and change the collection tube.

3. Insert the MACS column into the MACS separator and apply 1 mL of cell suspension in MACS buffer to the top of the
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LS column.

4. Collect the pass-through of the LS column; podocytes will be retained in the LS column.

5. Reapply the pass-through containing the cells a second time to the LS column to ensure retention of most podocytes in
the LS column.

6. Collect pass-through containing the unlabeled cells in a 1.7 mL microfuge tube labeled non-podocyte fraction.

7. With the LS column still in the MACS separator and wash the column twice with 1 mL of MACS buffer.

8. Remove the LS column from the MACS separator and place in a new 1.7 mL microfuge tube labeled podocyte fraction.
9. Apply 1 mL of MACS buffer to release the podocytes from the LS column.

10. Once the MACS buffer has passed through the column by gravity, use the plunger supplied with the LS column to flush
out any remaining labeled podocytes from the LS column.

11. Centrifuge tubes with non-podocyte fraction and podocyte fraction at 300 g for 3 min at 4 °C.

12. Remove supernatant and snap-freeze cell pellets at -80 °C.

Note: Figure 5 shows a summary of the number of live cells at each step of the isolation protocol.
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Figure S. Live cell number was counted by trypan blue exclusion using a hemocytometer following kidney dissociation,
antibody labeling, and MACS isolation of podocytes. Averaging 8 separate isolations, the mean number of cells was
4,387,500 + 187,042 (mean =+ standard error of the mean) post digest and 4,177,500 + 199,336 post staining. Following
isolation, two mouse kidneys yielded 3,463,077+ 151,337 cells in the non-podocyte fraction and 195,819 + 14,795 cells in
the podocyte fraction. Note that a portion of the kidney cells were lost at each step.

Validation of protocol

This protocol or parts of it have been used and validated in the following research articles:

e McKinzie et al. [25]. Podocytes from hypertensive and obese mice acquire an inflammatory, senescent, and aged
phenotype. Am J Physiol Renal Physiol.

e Kaverina et al. [26]. Inhibiting NLRP3 signaling in aging podocytes improves their life- and health-span. Aging (Albany
NY).

e Pippinetal. [27]. Upregulated PD-1 signaling antagonizes glomerular health in aged kidneys and disease. J Clin Invest.

e  Wang et al. [28]. Global Transcriptomic Changes in Aged Mouse Podocytes. Kidney Int (Figures S1 and S3B).

Podocyte isolation should be validated using the following criteria:
1. A small aliquot of each cell fraction should be placed on a microscope slide under a coverslip with fluorescent mounting
media (ProLong™ Gold Antifade Mountant). The cell pellet should be imaged under fluorescence microscopy (we used the
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EVOS FL Cell Imaging System). Alexa Fluor 594®-conjugated donkey anti-rabbit IgG—positive podocytes will have a red
fluorescent signal, indicating the presence of nephrin antibody on podocytes, while the non-podocyte fraction will have a
negative signal (see example in Figure 6), thus validating the separation of podocytes from other kidney cells (non-
podocytes).

Non-Podocyte Cell Fraction Podocyte Cell Fraction

00 200urm

Figure 6. Fluorescent images of immunostaining for nephrin/NphsI and detection with Alexa Fluor 594®-conjugated
donkey anti-rabbit IgG following MACS isolation. There is a positive signal for nephrin in the podocyte cell fraction
(right panel) but an absence of signal in the non-podocyte cell fraction (left panel), indicating successful separation of
podocytes and non-podocytes.

2. Additionally, qRT-PCR should be performed for a panel of podocyte genes comparing both podocyte and non-podocyte
fractions. This will confirm the expression of podocyte genes in the podocyte fractions but their absence/low-level
expression in the non-podocyte fraction (see example in Figure 7).
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Figure 7. Representative example of qRT-PCR performed for a panel of canonical podocyte genes on the mRNA from
both non-podocyte (NP) and podocyte (P) fractions in triplicate. Expression levels for Wilms tumor protein/W¢1,
Nephrin/Nphs1, Podocin/Nphs2, Synaptopodin/Synpo, p57, Cdknlc, vascular endothelial growth factor A/Vegfa, and
Laminin beta-2/Lamb2 are shown. Gapdh was used as a housekeeping gene. Expression levels for all genes were
significantly higher in podocyte cell fractions compared to non-podocyte cell fractions, indicating successful podocyte
isolation. Note that this should be performed on podocyte isolations from each mouse (n = 1, in this example). However,
this does not have to be performed for all the genes listed here to conserve RNA. If podocyte genes are not enriched in the

Cite as: Pippin, J. W. et al. (2025). Isolation of Podocyte Cell Fractions From Mouse Kidney Using Magnetic 10
Activated Cell Sorting (MACS). Bio-protocol 15(13): e5364. DOI: 10.21769/BioProtoc.5364



bio-protocol Published: Jul 05, 2025

podocyte fraction, the sample should not be used for further analysis, as shown in the example in Figure 8.
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Figure 8. Representative example of qRT-PCR performed for a panel of canonical podocyte genes on the mRNA
from both non-podocyte (NP) and podocyte (P) fractions in triplicate, where podocyte genes are not enriched in the
podocyte fraction

General notes and troubleshooting

General notes

1. DNase is necessary during the kidney dissociation step. Digestion causes the lysis of some cells and release of DNA,
which is sticky and causes clumping. Do not omit.

2. Be certain to properly rinse the Petri dishes following mincing of the kidney with the razor blade to avoid losing any
kidney tissue.

3. Cutting the end of the pipette tip reduces shearing of cells during the protocol.

4. Be consistent with the timing of the warm digestion; do not go longer than 30 min.

Troubleshooting

1. While there is the slight possibility that the podocyte fraction may contain other cell types like endothelial cells, proximal
tubular cells, and immune cells, this should be minimal if the protocol is followed carefully. The validation steps should
reveal a lack of podocytes in the podocyte fraction. Additionally, QRT-PCR can be performed for canonical genes for
contaminating cell types if they are suspected to be present in the podocyte fraction.

2. One could perform FACS sorting of cells following the labeling procedure. However, FACS takes significantly more time
and is harder on the cells than MACS column separation. Therefore, podocyte yield and RNA integrity may be compromised.
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