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A growing number of studies show that innate immune cells can undergo functional

reprogramming, facilitating a faster and enhanced response to heterologous secondary stimuli.

This concept has been termed ‘‘trained immunity.’’ We outline here a protocol to recapitulate this

in vitro using adherent monocytes from consecutive isolation of peripheral blood mononuclear

cells. The induction of trained immunity and the associated functional reprogramming of

monocytes is described in detail using b-glucan (from Candida albicans) and Bacillus Calmette-

Guérin as examples.
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SUMMARY

A growing number of studies show that innate immune cells can undergo
functional reprogramming, facilitating a faster and enhanced response to heter-
ologous secondary stimuli. This concept has been termed ‘‘trained immunity.’’
We outline here a protocol to recapitulate this in vitro using adherent monocytes
from consecutive isolation of peripheral blood mononuclear cells. The induction
of trained immunity and the associated functional reprogramming of monocytes
is described in detail using b-glucan (from Candida albicans) and Bacillus
Calmette-Guérin as examples.
For complete details on the use and execution of this protocol, please refer to
Repnik et al. (2003) and Bekkering et al. (2016).
BEFORE YOU BEGIN

Isolation of PBMCs from a buffy coat

Timing (day 0): 2 h approximately

By using buffy coats it is possible to obtain large numbers of cells from the same donor. In a buffy

coat the white blood cells of 500 mL of whole blood are concentrated into 50 mL. Different subsets
STAR Protocols 2, 100365, March 19, 2021 ª 2021 The Author(s).
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Figure 1. Aspect of the different layers before and after density gradient centrifugation with Ficoll-Paque
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of blood cells have different densities. This property is used to separate the fraction containing pe-

ripheral blood mononuclear cells (PBMC) from the rest of the blood. When Ficoll-Paque is pipetted

underneath the whole blood, the centrifugation process allows cells with a high density to migrate

through the density gradient while cells with a lower density, such as PBMCs, remain on top of the

gradient and can be easily collected (Figure 1). The protocols of separation of PBMCs and mono-

cytes from whole blood using density gradients are further described by Repnik et al. (Repnik

et al., 2003).

1. Density gradient centrifugation

a. Transfer the blood from each buffy coat into 8 conical tubes of 50 mL.

b. Adjust the volume of each tube to 35 mL by adding PBS.

c. Add 14 mL Ficoll-Paque underneath the PBS-blood layer using a 10 mL pipette (Methods

video S1). The end volume should be 49 mL.

d. Spin down 50 mL tubes: 615 3 g for 30 min at 20�C acceleration 1, no break.

e. Take the PBMC layer using a sterile Pasteur pipette. Put the PBMCs collected from each donor

into 4 3 50 mL conical tubes.

f. Add PBS to a final volume of 50 mL.

Note: Do not take the cells attached to the wall (troubleshooting 1).

2. Washing steps (work on ice)

Note: constantly check the pellet for clumps. Resuspend them using a pipette (see trouble-

shooting 2).

a. Spin down tubes 550 3 g for 15 min at 4�C
b. Remove the supernatant and pool pellets into 2 3 50 mL conical tube per donor.

c. Wash with cold PBS; end volume 50 mL.

d. Spin down tubes 550 3 g for 10 min at 4�C.
e. Remove the supernatant and pool pellets into 13 50 mL conical tube per donor. Repeat steps

c and d.
2 STAR Protocols 2, 100365, March 19, 2021



Figure 2. Aspect of the different layers before and after density gradient centrifugation with Percoll
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f. Resuspend the cells in 30 mL of RPMI 1640 without serum using a Pasteur pipette and count

the cells with a hemocytometer, or an automated cell counter system such as a CASY cell

counter or a Sysmex hematology instrument.

CRITICAL: Slowly lay the Ficoll-Paque layer underneath the PBS-diluted blood with a 10mL
pipette using gravity (Methods video S1). Disable the break for density gradient centrifu-

gation since breaking can disrupt the PBMC layer.
Note: Alternatively, PBS-diluted blood can be slowly laid on top of the Ficoll-Paque as well

using a 25 mL stripette.
Monocyte isolation with Percoll

Timing (day 0): 2 h approximately

After Ficoll-Paque isolation of monocytes and lymphocytes, it is possible to separate monocytes

from lymphocytes by using a hyper-osmotic density gradient medium; Percoll. Separation of the

two cell types is feasible since lymphocytes are more sensitive to an increase in osmolarity than

monocytes.

For this step, prepare hyper-osmotic Percoll solution in advance: For 100mL of solution, mix 48.5 mL

of Percoll, 41.5 mL of sterile water and 10.0 mL of 0.22 mm filter-sterilized 1.6 M NaCl and shake

vigorously.

3. Separation of monocytes from lymphocytes

a. Bring isolated PBMCs to a concentration of 50–70 3 106 cells per mL of RPMI 1640.

b. Add 10 mL of hyper-osmotic Percoll solution to a 15 mL conical tube.

c. Slowly add 3 mL of the PBMC suspension on top of the Percoll solution with a 1 mL pipet:

Slightly tilt the tube and put the pipet point on the wall of the tube (approximately 1 cm above

the Percoll solution). Slowly release the fluid. Be careful with the first drops, afterwards you can

slowly increase the speed (Methods video S2).

d. Spin down 580 3 g for 15 min at 20�C acceleration 1, no break.

4. Isolation of monocyte fraction

a. Take the interphase layer using a sterile Pasteur pipette (Figure 2).

b. Do not collect the last 4 mL.
STAR Protocols 2, 100365, March 19, 2021 3
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c. Combine the cells from up to three tubes. Add cold PBS to a final volume of 50 mL.

d. Spin down 350 3 g for 7 min at 4�C.
e. Remove the supernatant.

f. Resuspend the cells in 3 mL RPMI 1640. This suspension is referred to as a ‘‘monocyte-en-

riched suspension.’’

g. Count the cells with a hemocytometer, or an automated cell counter system such as a CASY

cell counter or a Sysmex hematology instrument.

h. Optional: Determine cell purity by Flow Cytometry (CD45+ CD14+ cells). Monocyte enrich-

ment usually reaches 40%–80%.
KEY RESOURCES TABLE
AGENT or RESOURCE SOURCE IDENTIFIER

tibodies

C-conjugated CD14 Beckman Coulter Item# B36297

C-conjugated CD45 Beckman Coulter Item# IM2473

logical samples

fy coat this study n/a

man pooled serum this study n/a

emicals, peptides, and recombinant proteins

sphate buffered saline (13) without calcium and magnesium Lonza CAT# BE17-516F

I 1640 medium (Dutch modified) Life Technologies CAT# 22409031

ntamycin Thermo Fisher CAT# 15750060

coll Sigma-Aldrich CAT# P1644

oll-Paque GE Healthcare CAT# 17-1440-03

3-(D)glucan (b-glucan) Saeed et al., 2014 N/A

ium pyruvate Life Technologies CAT# 11360088

tamax supplement Life Technologies CAT# 35050087

ium chloride Sigma-Aldrich CAT# S5886

pan blue solution Sigma-Aldrich CAT# T8154

tical commercial assays

oTox 96 Non-Radioactive Cytotoxicity Assay Promega CAT# G1780
STEP-BY-STEP METHOD DETAILS

In vitro induction of trained immunity in adherent monocytes

Timing: 7 days

Before starting: heat up the PBS at 37�C (warm PBS). Complete RPMI 1640 medium with Glutamax

(final concentration 2 mM), pyruvate (final concentration 1 mM) and gentamicin (final concentration

50 mg/mL) and heat it up at 37�C (warm RPMI). RPMI complete medium is referred as ‘‘RPMI+’’.

1. Day 0

a. Prepare a suspension of 106 cells per mL in RPMI+. Add 100 mL of cell suspension per well in a

sterile 96-well clear flat bottom polystyrene tissue culture-treated plate. When testing a new

stimulus: Add at least two technical replicates per stimulus to normalize the number of cells

and the cytokine values at the end of the protocol.

b. Incubate the plate for 1 h at 37�C 5% CO2 in a tissue culture CO2 incubator to let the mono-

cytes adhere.

c. After 1 h, remove the supernatant that contains the non-adherent cells and discard it.

d. Wash off remaining non-adherent cells: Add 200 mL warm PBS per well and then discard it.

After this step the purity of monocytes on the plate is >90% (see Bekkering et al., 2016).
STAR Protocols 2, 100365, March 19, 2021
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e. Add 200 mL of the corresponding trained immunity-inducing stimuli in warm RPMI+ supple-

mented with 10% human pooled serum per well. Take RPMI+ as a negative control and

1 mg/mL b-glucan or 5 mg/mL BCG as a positive control.

f. Incubate 24 h at 37�C, 5% CO2.

Note: The different components of the serum can interact with the stimuli employed (e.g.,

opsonization) affecting the survival of the cells and/or their ability to induce trained immu-

nity. Therefore, we recommend to try this protocol with different concentrations of serum

(0%–10%) every time a new stimulus is tested and compare the percentages of

apoptosis/cell death in the wells treated with different concentrations of serum over the

length of the experiment (at each washing or change of medium step: day 1, day 3, and

day 6).

Note: PBS should contain calcium. The use of PBS without calcium (or with EDTA) can initiate

the detachment of the cells from the well.

Note:Human serum in this procedure is not heat-inactivated, even though other authors have

successfully employed heat-inactivated serum (Leonhardt et al., 2018).

2. Day 1

a. Discard supernatant or use for cytokine measurement and/or LDH cytotoxicity assay.

b. Wash off remaining stimuli with 200 mL of warm PBS and add 200 mL warm RPMI+ supple-

mented with 10% pooled human serum.

c. Incubate for 6 days, refresh medium once at day 3.

Note: Use PBS without EDTA for the washing step to prevent detaching of the cells.

Note: It is expected that some cells might detach or undergo apoptosis during the differen-

tiation process.

3. Day 3

a. Discard supernatant or use for cytokine measurement and/or LDH cytotoxicity assay.

b. Add 200 mL warm RPMI+ supplemented with 10% pooled human serum.

4. Day 6

a. Discard supernatant or use for cytokine measurement and/or LDH cytotoxicity assay. Add

200 mL warm RPMI+ with a secondary stimulus, for example RPMI+ (negative control),

10 ng/mL of lipopolysaccharide (LPS) from E. coli or 10 mg/mL of Pam3Cys.

b. Incubate for 24 h at 37�C, 5% CO2.

Note: Day 6 supernatants can also be stored for the determination of lactate.

5. Day 7

a. Centrifuge the plates 350 3 g 8 min to spin down cells that detached during the incubation

period. Collect 180 mL of supernatants and use immediately or freeze at�20�C for assessment

within 2 to 4 weeks, or at�80�C for further assessment. The responsiveness of the cells to het-

erologous secondary stimulation can be easily assessed bymeans of ELISA (TNFa or IL-6 levels

in the supernatant) (troubleshooting 3).

Note: Different incubation times and starting cell amounts might be considered depending

on the final read-out (FACS, qPCR, ELISA). When new stimuli are tested, there should be an

extra step at day 7 to evaluate the live cell numbers per well to normalize the cytokine results

to the cell numbers:
STAR Protocols 2, 100365, March 19, 2021 5



Figure 3. Expected cytokine production by human monocytes after the induction of trained immunity in vitro and

secondary restimulation with LPS

Ctrl, non-trained cells; BG, cells stimulated with b-glucan at day 0; LPS, cells rechallenged with LPS at day 6.
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Counting live cells with trypan blue

Cells can be detached from the well by incubating them with cold PBS with 2 mM EDTA for 10 min at

4�C. After this, the cells can be collected from the well by pipetting. Dilute the cells 1:5 with Trypan

Blue and count the cells non-stained in blue in a hemocytometer.

Assessing cytotoxicity

If the numbers of cells are different, the cytokine production for that stimulus should be normalized

per cell number. LDH cytotoxicity assay needs to be performed with fresh supernatants (not frozen)

following the instructions of the manufacturer. The LDH cytotoxicity assay should include per cell

type and concentration a positive control of cell lysis and a negative control (medium control), in or-

der to calculate the percentage of cytotoxicity. A difference lower than 10% cytotoxicity between the

conditions can be considered as acceptable.

6. Day 7 or later: Assessment of cytokine levels by ELISA.

Perform ELISA following the instructions of the manufacturer. The concentration of cytokines in

the supernatant is usually above the detection limit of the commercial kits, so the samples

need to be diluted in the dilution buffer specified by the manufacturer. For R&D Duoset ELISA

kits, the dilution range of the supernatants from monocytes trained with b-glucan or BCG and

restimulated with LPS at day 6 is 103–203 dilution for TNFa and 253–1003 dilution for the

detection of IL-6. The dilutions need to be optimized per stimulus and might differ between lab-

oratories, batches of stimuli, and donors. The appropriate controls for the assay are the following:

- Non-trained, non-rechallenged cells: No detectable cytokine production

- Trained, non-rechallenged cells: No detectable cytokine production

- Non-trained, rechallenged cells: High cytokine production

- Trained, rechallenged cells: Very high cytokine production

The magnitude of the induction of trained immunity will correspond to the increase of the produc-

tion of TNFa or IL-6 between the non-trained, rechallenged cells and trained-rechallenged cells

(Figure 3).

Note:Other methods such as cytometric bead array or bioplex with a wide detecting range of

multiple cytokines may also be used to avoid dilution of the samples.
6 STAR Protocols 2, 100365, March 19, 2021
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EXPECTED OUTCOMES

After the induction of trained immunity in monocytes, the cells that have been exposed briefly to the

first challenge with b-glucan or BCG will present increased production of IL-6 and TNFa after LPS or

Pam3Cys restimulation than cells that were not exposed to a trained immunity-inducing stimulus

(Figure 3).

QUANTIFICATION AND STATISTICAL ANALYSIS

This protocol allows the use of paired samples. Cells from the same donor will be challenged with

different stimuli and the production of cytokines by the cells of the same donor can be compared.

Cytokine production generally is non-parametric. In this regard, you can perform a non-parametric,

paired analysis to compare the values of cytokine production after restimulation of the cells. There-

fore, you can employ the Wilcoxon signed-rank test to test the hypothesis that the cytokine produc-

tion of trained cells after restimulation is different than that of non-trained cells.

LIMITATIONS

This is an in vitro approach for the induction of trained immunity with different stimuli. It is an alter-

native to in vivo approaches but does not substitute it.

Natural cell death may occur during the experiment depending on the stimulus employed, this is

why the evaluation of cell death together with the estimation of cell number in the wells ensures a

correct estimation of the trained immunity effect.

This protocol is optimized for its use in human primary monocytes. Its application to other cell types

susceptible of undergoing trained immunity, such as natural killer cells, dendritic cells, or mouse

cells, would need further adjustments and optimization. The protocol also needs to be amended

when used in (human) cell lines such as THP1 monocytes.

In our protocol we employ human pooled serum obtained in-house. Other laboratories successfully

employ similar protocols using commercial sera from different sources, such as 10% (heat-inacti-

vated) human AB serum (Sigma-Aldrich, H3667) (Leonhardt et al., 2018). The use of a different

source of serum (including FCS) might require further adjustment of the concentrations employed

to achieve an optimal induction of trained immunity.

We employ b-glucan kindly provided by Prof. David Williams (East Tennessee State University).

Other laboratories have successfully employed b-glucan from different sources such as Beta-glucan

peptide (Invivogen, Cat#tlrl-bgp) in mice (Kalafati et al., 2020). However, the suitability and trained

immunity-inducing capacities of the alternative sources of b-glucan needs to be tested per labora-

tory and experimental setup.

TROUBLESHOOTING

Problem 1

Inadequate separation of layers during Ficoll/Percoll isolation (related to Before your begin session)

Solution 1

Make sure that the acceleration and break settings of the centrifuge are set correctly. At high speed,

the phases might mix and disturb the gradient. Remember to slowly lay themonocyte suspension on

the Percoll/Ficoll solution. Make sure that your concentration of monocytes or the amount of blood

per tube does not exceed the recommendations. The Ficoll-Paque PLUS reagent and the Percoll so-

lution should be at room temperature.

Problem 2

Too much clumping of the cells during the separation:
STAR Protocols 2, 100365, March 19, 2021 7
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Solution 2

You can consider to add 2 mM sterile EDTA to your PBS. This will reduce the clumping. Make sure

that the addition of EDTA does not interfere with the subsequent assays.
Problem 3

Lack of induction of trained immunity:
Solution 3

The most likely is a contamination of the trained immunity-inducing stimulus with e.g., LPS. If the

stimuli employed for the first challenge are contaminated, this can cause the cells to become unre-

sponsive to any secondary stimulation. If you are using BCG to induce trained immunity, make sure it

is freshly reconstituted, it can lose its ability to induce trained immunity within a few days after recon-

stitution. Recent vaccinations or infections can also induce alterations in the induction of trained im-

munity in monocytes. Please also note that it is known that there is profound interindividual variation

in training capacity, which depends, at least in part, on genetic variation in proteins involved in the

mechanisms that drive trained immunity.
Problem 4

Variability between batches of stimuli:
Solution 4

Diverse batches of stimuli present different abilities to induce trained immunity. This can affect both

the challenge employed for the first challenge and the second. Every time we employ a new batch of

any given stimulus we should compare cell survival, the ability to induce trained immunity and the

cytokine production of the cells compared to the previous batch and adjust accordingly the

concentrations.
Problem 5

Variability depending on the time of the year (seasonality of the results):
Solution 5

It is known that the behavior of the immune responses varies depending on the time of the year,

affecting cytokine responses (Ter Horst et al., 2016). In general, cytokine responses decrease during

winter months, which is probably due to the increased incidence transmission of influenza and other

diseases, which alter the cytokine production patterns. In this regard, it is recommended to keep a

register of the different cytokine responses observed during the year to estimate the impact of sea-

sonality in your experiments.
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-

filled by the lead contact, Mihai Netea (mihai.netea@radboudumc.nl).
Materials availability

This protocol does not generate new unique reagents.
Data and code availability

This protocol does not generate or analyze any datasets or codes.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xpro.2021.100365.
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H2020 grant (847507). We thank all the members of the AIG lab for their contribution to the optimi-

zation of this protocol during the last years.

AUTHOR CONTRIBUTIONS

All the authors helped to conceive and/or optimize the protocols. J.D.-A., R.J.W.A., and S.B. wrote

the manuscript. All the authors read the manuscript and made comments. N.P.R., L.A.B.J., and

M.G.N. supervised the work.

DECLARATION OF INTERESTS

The authors declare no competing interests
REFERENCES
Bekkering,S.,Blok,B.A.,Joosten,L.A.B.,Riksen,N.P.,van
Crevel, R., andNetea, M.G. (2016). In vitro experimental
model of trained innate immunity in human primary
monocytes. Clin. Vaccine Immunol. 23, 926–933.

Kalafati, L., Kourtzelis, I., Schulte-Schrepping, J., Li,
X., Hatzioannou, A., Grinenko, T., Hagag, E., Sinha,
A., Has, C., Dietz, S., et al. (2020). Innate immune
training of granulopoiesis promotes anti-tumor
activity. Cell 183, 771–785.e12.

Leonhardt, J., Große, S., Marx, C., Siwczak, F.,
Stengel, S., Bruns, T., Bauer, R., Kiehntopf, M.,
Williams, D.L., Wang, Z.-Q., Mosig, A.S., Weis, S.,
Bauer, M., and Heller, R. (2018). Candida albicans
b-glucan differentiates human monocytes into a
specific subset of macrophages. Front. Immunol. 9,
2818.

Repnik, U., Knezevic, M., and Jeras, M. (2003).
Simple and cost-effective isolation of monocytes
from buffy coats. J. Immunol. Methods 278,
283–292.

Saeed, S., Quintin, J., Kerstens, H.H.D., Rao, N.A.,
Aghajanirefah, A., Matarese, F., Cheng, S.-C.,
Ratter, J., Berentsen, K., van der Ent, M.A., et al.
(2014). Epigenetic programming of monocyte-to-
macrophage differentiation and trained innate
immunity. Science 345, https://doi.org/10.1126/
science.1251086.

Ter Horst, R., Jaeger, M., Smeekens, S.P.,
Oosting, M., Swertz, M.A., Li, Y., Kumar, V.,
Diavatopoulos, D.A., Jansen, A.F.M., Lemmers,
H., Toenhake-Dijkstra, H., et al. (2016). Host and
environmental factors influencing individual
human cytokine responses. Cell 167, 1111–
1124.e13.
STAR Protocols 2, 100365, March 19, 2021 9

http://refhub.elsevier.com/S2666-1667(21)00072-1/sref1
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref1
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref1
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref1
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref2
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref2
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref2
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref2
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref2
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref3
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref4
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref4
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref4
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref4
https://doi.org/10.1126/science.1251086
https://doi.org/10.1126/science.1251086
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5
http://refhub.elsevier.com/S2666-1667(21)00072-1/sref5

	In vitro induction of trained immunity in adherent human monocytes
	Before you begin
	Isolation of PBMCs from a buffy coat
	Monocyte isolation with Percoll

	Key resources table
	Step-by-step method details
	In vitro induction of trained immunity in adherent monocytes
	Counting live cells with trypan blue
	Assessing cytotoxicity


	Expected outcomes
	Quantification and statistical analysis
	Limitations
	Troubleshooting
	Problem 1
	Solution 1
	Problem 2
	Solution 2
	Problem 3
	Solution 3
	Problem 4
	Solution 4
	Problem 5
	Solution 5

	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References


