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SUMMARY

Here, we present a streamlined protocol for assessing intracellular Mycobacte-
rium tuberculosis (Mtb) loads in macrophages. This protocol describes the simul-
taneous assessment of macrophage viability using automated microscopy.
Further, we detail the quantification of mycobacterial loads using a rapid, inex-
pensive, and accurate approach for mycobacterial DNA isolation from parafor-
maldehyde-fixed macrophages. Simultaneous assessment of the bacterial loads
using internal standard and macrophage viability allows for precise quantifica-
tion of the effects of perturbations on Mtb and host cells while accounting for
technical artifacts.
For complete details on the use and execution of this protocol, please refer to
Chatterjee et al. (2021).

BEFORE YOU BEGIN

Rationale for the method development

Mycobacterium tuberculosis (Mtb) is a specialized human pathogen whose existence is entirely

dependent on interactions with the immune system of human hosts. Macrophages are an important

innate immune cells that confronts Mtb at different stages of its life cycle, but also provides a niche

for the pathogen persistence and replication (Cohen et al., 2018; Lerner et al., 2017). Activation of

T cell immunity, essential for Mtb control, is also dependent on the Mtb-macrophages interactions.

In macrophages Mtb may enter a drug tolerant state and thus avoid the eradication by antibiotics

(Liu et al., 2016). Therefore, studying Mtb in context of macrophage infection is key in testing new

drug regimens and host-directed therapies.

We have developed a method that allows for a simultaneous determination of Mtb loads, bacterial

replication and macrophage viability in a 96 well format. A number of techniques are currently used

to assess Mtb survival and growth in macrophages. Several recently developed methods are based

on imaging using flow cytometry of Mtb-infected cells in suspension or automated microscopy in

monolayers. Microscopy-based quantification methods include modified Ziehl-Neelsen staining, la-

beling with antibodies, use of reporter strains, FITC-biotin-avidin (FBA) staining or prestaining of

bacteria (Agerer et al., 2004; Barczak et al., 2017; Brodin et al., 2010; Chen et al., 2012; Heesemann
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and Laufs, 1985; Jepras et al., 1997; Queval et al., 2014; Stanley et al., 2014). Keller et al. developed

a method for tracking intracellular Mtb vacuole rupture using CCF4-AM (a b-lactamase- sensitive

FRET reporter) loaded infected cells (Keller et al., 2013). Brodin et al. used automated confocal

imaging to quantify Mtb and its mutants for intracellular trafficking into acidified compartments of

infected macrophages using CypHer5 mono ester dye (red)-labeling (Brodin et al., 2010). Flow

cytometry combined with monoclonal antibodies, fluorescent dyes, and reporter strains can be

used to estimate bacterial load and viability (Ambriz-Avina et al., 2014; Emerson et al., 2017;

Frossard et al., 2016; Mejuto et al., 2017; Rubio et al., 2019; Tracy et al., 2010). A cytometric method

using live/dead staining of mycobacteria has been adopted for rapid drug susceptibility testing

(Hendon-Dunn et al., 2016).

The major challenges for assays based on the quantification of bacterial growth in macrophages are

associated with the slow growth of pathogenic mycobacteria (Mtb duplication time is 18–24 h),

bacterial clumping, presence of viable but not culturable bacteria, as well as macrophage killing

by Mtb - all of which can produce artifacts. In addition, the requirement for BSL3 containment limits

access to downstream applications. To address these challenges, we developed a method for simul-

taneous assessment of macrophage viability and mycobacterial loads using automated microscopy

and subsequent duplex qPCR of the extracted Mtb genomic DNA. Importantly, fixation with para-

formaldehyde (PFA) inactivates the bacteria and allows for the removal of cultures from BSL3 biocon-

tainment for downstream imaging analyses, which are often unavailable inside BSL3 containment fa-

cilities. We applied this method for testing the combinatorial effects of host-directed therapies

(HDTs), T cell populations and antibiotics on outcomes of mycobacteria – macrophage interactions

in vitro. This method can also be used for other DNA-based assays, such as replication clock or

screening of pooled Mtb mutant libraries, in a medium or high throughput format, as well as using

cells isolated from infected tissues using flow sorting or other separation methods.

Mice

C57BL/6 J mice were obtained from the Jackson Laboratory and B6J.C3-Sst1C3HeB/Fej Krmn mice were

developed in our laboratory (available from MMRRC stock # 043908-UNC). Adult mice of 6–12 weeks

old of both sexes were used in the experiments. No sex-dependent variation was observed in the

described assay. All experiments were performedwith the full knowledge and approval of the Standing

Committee on Animals at Boston University (IACUC protocol number PROTO201800218).

KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

DMEM/Ham’s F-12 50/50 Mix [+] L-glutamine Corning� Cat# 45000-344

DMEM, 13 (Dulbecco’s Modified Eagle’s Medium) Corning� Cat# 10-013-CV

Fetal Bovine Serum (FBS) HycloneTM, Cat# SH30071.03

Hoechst 33342 Fisher Scientific Cat# H3570

Paraformaldehyde Solution 4% in PBS Fisher Scientific Cat# J19943-K2

L-Glutamine Corning� Cat# 25-005-CI

Penicillin Streptomycin solution Corning� Cat# 30-002-CI

HEPES buffer Corning� Cat# 25-060-CI

L929 Cell Conditioned Media (LCCM) This paper N/A

Murine IFN-gamma Fisher Scientific Cat# 50813665

Murine Interleukin -3 Fisher Scientific Cat# 50813291

Murine Interleukin-4 Fisher Scientific Cat# 50399557

Murine TNF-alpha Fisher Scientific Cat# 50813656

LymphoprepTM (1.077A) STEMCELL Technologies Cat#07801

(Continued on next page)
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MATERIALS AND EQUIPMENT

One step single-plex or multiplex assay

CFX96TM Real-Time System, 96 well (Bio-Rad, Software version Bio-Rad CFX Manager 3.1).

Continued

REAGENT OR RESOURCE SOURCE IDENTIFIER

Poly Ethylene Glycol (PEG), Bioultra-8000 Sigma-Aldrich Cat#89510

5 M NaCl Invitrogen Cat#AM9759

Tris Hydrochloride, 1 M solutions (pH 8.0) Fisher Scientific Cat#77-86-1

Ultrapure 0.5 M EDTA pH 8.0 Invitrogen Cat#15575-038

AmbionTM Nuclease-free Water Invitrogen Cat#AM9932

SpeedBead Magnetic Carboxylate Modified Particles GE Healthcare Cat#65152105050250

DynaMagTM-96 side Life TechnologiesTM Cat#12331D

Glycine Sigma-Aldrich Cat#50046

NaOH Solution Sigma-Aldrich Cat#72068

Proteinase K Ambion Cat#AM2546

Middlebrook 7H9 Broth BD Biosciences Cat# 271310

Middlebrook 7H10 Agar BD Biosciences Cat# 262710

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory Stock No.: 000664

Mouse: B6J.C3-Sst1C3HeB/FejKrmn Pichugin et al. (2009) Stock No: 043908-UNC
https://www.mmrrc.org

Mycobacterium tuberculosis H37Rv ATCC Cat# 27294

Mycobacterium bovis BCG ATCC Cat# 35737

Critical commercial assays

Live-or-Dye� 594/614 Fixable Viability Staining Kits Biotium Cat# 32006

TaqMan� Environmental Master Mix 2.0 Fisher Scientific Cat#4396838-5 mL

Oligonucleotides

Mtb and BCG specific primers and probes This paper See Table 1.

Other

Corning� Costar� Ultra-Low Attachment Microplates Corning� Cat# 3471

Cell strainer, 70 mm Falcon Cat#352350

Thermo Scientific� ART� Wide Bore Filtered Pipette Tips Thermo Scientific Cat# 21-236-2C

25 cm2 Cell Culture Flask Falcon� Cat#353109

75 cm2 Cell Culture Flask Falcon� Cat#353136

96-well cell culture plate Corning� Cat#3599

30 mL Nalgene� Sterile Square PETG Bottle
with 20/415 Cap

Nalgene Cat# 79053

5 mm filter unit Millex Cat#SLSV025LS

10 mL control syringe BD Cat#309695

Plastic Laboratory 500 mL Module Stackable
Storage Container Tray

ROSTI MEPAL N/A

CFX96TM Real-Time System Bio-Rad N/A

PTC-100TM Programmable Thermal Controller MJ Research. Inc. N/A

Nexcelom Celigo imaging cytometer Nexcelom Biosciences N/A

Table 1. Mtb and BCG specific primers and probes

Sr.
No. Name of primer Sequence (50 30) Primer length Amplicon size

1 Mtb specific FP GGAAATGTCACGTCCATTCATTC 23 146

2 Mtb specific RP GCGTTGTTCAGCTCGGTA 18

3 Probe 56-FAM/AGCTTGGTCAGGGACTGCTTCC/36-TAMSp/ 22 –

4 BCG specific FP GTGGTGGAGCGGATTTGA 18 162

5 BCG specific RP CAACCGGACGGTGATCC 17

6 Probe /5Cy5/TTCTGGTCG/TAO/ACGATTGGCACATCC/3IAbRQSp/ 24 –
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Heating samples

Programmable heating block for 96 well plates for heating samples (PTC-100TM Programmable

Thermal Controller or another model) in (step 52 b vii).

Imager for live/dead/total macrophages

The Nexcelom Celigo imaging cytometer (Nexcelom Biosciences) for cell counting and the analysis

of macrophage viability.

Alternatives: any automated fluorescent cell imager that supports live/dead analysis, for

example, MuviCyteTM Imaging System (Perkin Elmer).

Media composition

� Media 0

� Media 1

� Media 2

� Media 3

Reagent Final concentration Amount

DMEM 13 – 490 mL

Fetal Bovine Serum (FBS) 1% 5 mL

Penicillin-Streptomycin 1% 5 mL

Reagent Final concentration Amount

DMEM/F12 – 430 mL

FBS 10% 50 mL

Penicillin-Streptomycin 1% 5 mL

1 M HEPES buffer 20 mM 10 mL

200 mM L-Glutamine 2 mM 5 mL

To prepare Media 1, add 10 mL of L929 Cell Conditioned Media (LCCM) to every 90 mL above media composition to a final

concentration 10%.

Reagent Final concentration Amount

DMEM/F12 – 435 mL

FBS 10% 50 mL

1 M HEPES buffer 20 mM 10 mL

200 mM L-Glutamine 2 mM 5 mL

To prepare Media 2, add 10 mL of LCCM to every 90 mL above media composition.

Reagent Final concentration Amount

DMEM/F12 – 430 mL

FBS 10% 50 mL

Penicillin-Streptomycin 1% 5 mL

1 M HEPES buffer 20 mM 10 mL

200 mM L-Glutamine 2 mM 5 mL

To prepare Media 3, add 20 mL of LCCM to every 80 mL above media composition to a final concentration 20%.
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� Media 4

DMEM 13 (Corning, cat. #10-013-CV) + 1% FBS.

Note: Filter-sterilize all the media and store at 4�C up to 14 days.

Note: Filter-sterilize the media and store at 4�C up to one month.

Note: Add magnetic beads prepared in step 52a (10 mL) to a final volume of 150 mL, cover

with aluminum foil and store at 20�C–25�C up to one month.

Note: Autoclave and store at 20�C–25�C up to 6 months.

Note: Always prepare fresh staining solution and use immediately.

PEG Buffer

Component Volume for 150 mL

PEG-8000 (Sigma, Cat#89510) 27 gm

NaCl (Autoclaved) (5.0 M) 30 mL

1 M Tris-HCl (pH 8.0) 1.5 mL

0.5 EDTA (pH 8.0) 0.3 mL

Nuclease free Water Up to 140 mL

Washing Medium

Component Volume for 100 mL

13 PBS 99 mL

FBS 1 mL (1% final concentration)

13 TE Buffer

Component Working concentration Volume for 50 mL

1 M Tris-HCl (pH 8.0) 10 mM 500 mL

0.5 EDTA (pH 8.0) 1 mM 100 mL

Water – Up to 50 mL

Live/dead staining solution:

Component Working concentration Volume for 10 mL

100% Live-or-Dye� 594/614 Fixable Viability dye 0.1% 10 mL

FBS 1% 100 mL (from 100% stock)

13 PBS – 10 mL

Lysis buffer:

Component Working concentration Volume for 10 mL

1 M NaOH 25 mM 250 mL

0.5 M EDTA 0.2 mM 4 mL

Nuclease free water – Up to 10 mL
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Note: Autoclave the buffer and store at 20�C–25�Cup to 6 months.

Note: Autoclave the buffer and store at 20�C–25�C up to 6 months. Add Proteinase K to au-

toclaved buffer just before the lysis.

Note: Autoclave the buffer and store at 20�C–25�C up to 6 months.

To prepare the stock solution use Tris-HCl powder, not Tris base; final pH should be � 6, do not

need to adjust pH, it will be adjusted by mixing with an equal volume of 25 mM NaOH during

DNA isolation.

STEP-BY-STEP METHOD DETAILS

Workflow overview (Figure 1).

Preparation of bone marrow derived macrophages

Timing: 10–12 days

Monolayers of bone marrow derived macrophages are prepared as described in (Pichugin et al.,

2009), with modifications described in the following steps.

Lysis buffer for fixed cells:

Component Working concentration Volume for 10 mL

1 M NaOH 25 mM 250 mL

0.5 M EDTA 0.2 mM 4 mL

Proteinase K (20 mg/mL) 0.2 mg/mL 100 mL

Nuclease free water – Up to 10 mL

Neutralization buffer:

Component Working concentration Volume for 10 mL

1M Tris-HCl 40 mM 400 mL

Nuclease free water – Up to 10 mL

Figure 1. Workflow overview
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Day 1:

Procedure:

1. Euthanize the mice using an approved procedure and remove tibia and femurs (some muscle tis-

sue may remain attached, as shown in Figure 2A). Store the removed bones in a 50 mL conical

tube containing 10 mL Media 0 on ice

2. Transfer the removed bones of each mouse in 10 mL ice-cold Media 0 to mortar and gently crush

the bones with a pestle.

3. Remove the media to a clean tube placed on ice, add 10 mL of fresh ice-cold Media 0 to the

mortar and repeat the bone crushing. Combine cell suspensions and store on ice.

Alternatives: Bone marrow can be isolated using traditional method - flushing the bones with

medium using a syringe and a 25G needle. The crushing method is simpler and produces

higher cell yields. Care should be taken to avoid bacterial contamination.

4. Pour fluid over a cell strainer (F70 mm) placed on top of a clean 50 mL conical tube and dilute the

greasy tissues by adding Media 0 up to 50 mL.

5. Spin cells at 2003 g (e.g., in Sorvall RT7, 1,000 rpm) for 10 min at 20�C–25�C, then resuspend cell

pellets in 5mL of Media 0 per each mouse.

6. Gently break clumps by pipetting up and down several times using 1mL wide-bore tips (Thermo

Scientific, Cat. #21-236-2C). Avoid air bubbles. Allow remaining clumps to settle by placing the

tube in a vertical position for 10 min

7. Add 5 mL of LymphoprepTM (1.077A) (StemCell, Cat. #07801) to a clean 15 mL centrifuge tube

and carefully overlay with 5 mL of the bone marrow suspension using a 5 mL pipette.

CRITICAL: For proper density gradient separation: (i) do not transfer the cell clumps from

the bottom; (ii) overlay the cells slowly, do not disturb the gradient interface; (iii) subse-

quent steps are performed at 20�C–25�C.

8. Perform gradient centrifugation at 600 3 g for 20 min at 20�C–25�C with brakes off.

Note: Switching the centrifuge brakes off is important for preserving the gradient interface.

9. Gently remove cells from the interface using a 5 mL serological pipette (Fisherbrand, Cat. #13-

678-11D). Place the pipette tip at the interface and collect the cells while slowly moving the tip

over/at the top of the interface for taking up the cells (Figure 2B).

10. Transfer the collected cells from each gradient (from one mouse) into a 50 mL conical tube. Add

Media 0 to a total volume of 50 mL and centrifuge 2003 g (1,000 rpm) for 10 min at 20�C–25�C.

Figure 2. Preparation of bone marrow-derived macrophages

(A and B) (A) Mice tibia and femur with some attached muscle tissue.

(B) Separation of interphase by density gradient centrifugation.
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11. Slowly remove the supernatant and resuspend cells in 10 mL Media 0 at 20�C–25�C and centri-

fuge at 200 3 g (1,000 rpm) for 10 min at 20�C–25�C.
12. Resuspend cells in 5 mL Media 1, count and dilute to a final concentration of 1–33106 cells/mL,

and add a to a 25 cm2 polystyrene tissue culture-treated flask.

13. Incubate cells for 24 h in a humidified incubator at 37�C, 5% CO2 to remove adherent cells.

Day 2:

14. Transfer all non-adherent cells to a new 75 cm2 polystyrene tissue culture-treated flask.

15. Wash the 25 cm2 flask with 10 mL Media 1 to recover any remaining cell in suspension and trans-

fer to the same 75 cm2 flask (Approximate final cell concentration is 5–73105 cells/mL).

16. Incubate cells for two days in a humidified incubator at 37�C with 5% CO2.

Day 4:

17. Collect non-adherent cells and centrifuge at 200 3 g (1,000 rpm) for 10 min at 20�C–25�C, and
resuspend cells in 10 mL Media 3.

18. Count the cells. Expect 3–5 3 106 cells per mouse. Dilute the cells in Media 3 to a final concen-

tration of 2.53105 cells/mL

19. Plate 1.53106 cells per well in 6 well ultra-low attachment plate (Costar/Corning Cat. #3471).

20. Incubate cells 2 days in humidified 37�C, 5% CO2 incubator.

Note: At this step you may (i) proceed with the macrophage monolayer preparation; (ii) freeze

extra cells at 23106 cells per vial in 1 ml FBS with 10% DMSO; (iii) expand the cells by an addi-

tional passage on ultra-low attachment plate as in step 17.

Day 6: Preparation of macrophage monolayer

21. Collect all cells (non-adherent and partially attached) enriched after step 20 from 6 well ultra-low

attachment plate by pipetting up and down several times avoiding bubbles, and centrifuge at

2003 g for 10 min at 20�C–25�C and resuspend in antibiotic-free media (Media 2). Alternatively

use gentle scrapping.

22. Count and dilute the cells in Media 2 and plate 153103 cells per well (in 200 mL volume) in a 96

well plate.

23. Incubate cells for 2 days in a humidified incubator at 37�C with 5% CO2.

24. After 2 days replace 90% of old media with the same volume of fresh Media 2 pre-warmed at

37�C.
25. Incubate cells for additional 2 days in a humidified incubator at 37�C with 5% CO2.

Note: At this step, the cells formmonolayer. If required, they can be maintained for additional

2 days after replacing the medium as in step 24. At this stage the cells are ready either for

infection only or for treatment with compounds to assess a specific effect, followed by

infection.

CRITICAL: Macrophage monolayers for Mtb infection are prepared in antibiotic free me-

dium for at least 4 days prior to the infection, including two media changes.

Medium is replaced 1 day before infection. After that, cells can be treated with cytokines or small

molecules, i.e., the day before the infection.

The method described in this protocol produces high macrophage yields, homogeneous macro-

phage populations and uniform monolayers, critical for reproducible results of Mtb infection exper-

iments. Other methods to prepare macrophage monolayers are also suitable.
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Preparation of Mtb for infection

Timing: 3–4 h

26. This step is performed inside the Biosafety level 3 facility (BSL3) using standard operating pro-

cedures, protocols and disinfectants approved by the Institutional Biosafety Committee (IBC).

All work is performed inside Biosafety Cabinets (BSC).

27. Dilute 0.5–1.0 mL of a frozen Mtb stock in 5 mL of liquid culture medium (we use Middlebrook

7H9 Broth with OADC), add to a 30mL square sterile media bottle (Nalgene, Cat. #79053), close

the cap tightly to prevent opening and place the bottle(s) and adsorbent paper in a secondary

container with a leakage proof lid to avoid aerosols.

28. Incubate at 37�C for 2–3 days in a shaking incubator at 100 rpm (to OD600 = 0.4–0.5). To avoid

clumping, do not overgrow the bacteria.

29. After 2–3 days transfer the Mtb suspension from the media bottle to a sterile 15 mL conical tube.

Centrifuge for 10 min at 2,100 3 g (�3,000 rpm) at 20�C–25�C.
30. Resuspend the pellet in 5 mL of Media 2 pre-warmed to 37�C (avoid bubbles or foam).

31. Sonicate twice for 5 s each using a sonicating water-bath with a 5–10 s interval at 20�C–25�C.
32. Add 5 mL of pre-warmed Media 2, mix and leave the tube in a vertical position for 30–60 min at

20�C–25�C to let the residual clumps settle down. Use the upper 8 mL for subsequent steps

without disturbing the clumps at the bottom.

33. Removeplunger froma10mL ‘‘control syringe’’ (BD,Cat.#309695).Attach the syringebarrel toa5mm

filter (Micron Separation) and place the filter on top of a 15mL conical tube secured in a rack. Transfer

the top 8 mL of the Mtb suspension, insert the plunger and press to filter the bacterial suspension.

Note: Hold the syringe, filter, and the reception tube with one hand and rapidly insert the

plunger and gently press with the other hand. Slow filtration at gravity force will result in a

loss of Mtb.

34. Measure OD of the liquid Mtb bacterial culture at A600 using the dilution medium as a blank

control. Expected OD600 after filtration is between 0.1 and 0.2. Calculate the bacterial concen-

tration assuming that after filtration single-cell Mtb suspension at OD600 = 1 is approx. 33108

bacteria per mL.

35. Dilute theMtb suspensionwithMedia 2 to the required concentration formacrophage infection. For

example, to infect macrophages in 96 well format at multiplicity of infection (MOI) 1:1, prepare

0.53106bacteria permLandadd0.1mLperwell. AtOD600=0.1 after filtration, thebacterial suspen-

sion is estimated at 33107 bacteria per mL and should be diluted 60-fold. Plate an aliquot of Mtb on

solidmedia andcount colonies3weeks later todetermine theprecise infectiousdose retrospectively.

Preparation of BCG spike for normalization

Timing: 2–3 h

36. Avirulent vaccine strain ofM. bovis BCG is prepared in the BSL2 lab using the same procedure as

described for Mtb in steps 26–35.

37. After filtration, dilute BCG 10-fold in PBS (to approx. 3–53106 cells per mL) to avoid clumping

and store at 4�C up to 21 days.

Infection of macrophages and maintenance of infected macrophage cultures

Timing: 0–10 days

38. Transfer the 96 well plates containing macrophage cultures into the BSL3 facility.

39. Remove 50% volume (100 mL for 96 well plate) of media prior to infection.
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40. Prepare a bacterial suspension for eachmultiplicity of infection (MOI) to be used by diluting theMtb

suspensions (prepared in step 35) inMedia 2. Place 10mL of the dilutedMtb in a 100mmpetri dish.

41. To infect macrophage monolayers, add 100 mL of the bacterial suspension to each well of the

96 well plate using a multichannel pipette.

Note: Save filtered bacterial suspensions in a 2.0 mL screw-cap tube for plating on solid medium

(Middlebrook 7H10 Agar) to determine inoculum by colony forming units (CFU) enumeration.

42. To avoid spills or danger of leakage, use centrifuge platforms with biocontainment lids and

centrifuge the plates at 200 3 g for 5 min at 22�C–25�C to facilitate infection and incubate at

37�C, 5% CO2 and 95% humidity for 2 h.

43. To eliminate extracellular bacteria, add amikacin (to a final concentration of 200 mg/mL) and

incubate at 37�C, 5% CO2 and 95% humidity for 30–45 min.

44. Wash the cells 3 times with Media 4 at 20�C–25�C. To avoid drying of monolayers, replace 90%

of the media and cover the plate with a lid after removing the media.

45. Incubate cells in a final volume of 200 mL Media 2 per well.

Note: If cells need to be treated with any drug, dilute the compound at 23 concentration in Me-

dia 2 and then add 100 mL to each well containing macrophage monolayers in 100 mL of media.

46. Place the plates inside secondary containers (see key resources table) with covers slightly

opened to allow for gas exchange and incubate at 37�C, 5% CO2 and 95% humidity, changing

medium every two days.

Washing of infected monolayers in BSL3

Timing: 30 min

47. Carefully remove 90% of supernatant (180 mL for 96 well plate) from the infected plate and

dispose into liquid waste container containing an undiluted approved disinfectant.

Note: Ensure the effective concentration of the disinfectant in final volume after all washing

steps. For example, use 5 mL of Vesphene II (1003 concentrate) per 500 mL container.

48. Immediately add Media 2 pre-warmed to 37�C (200 mL for 96 well plate).

CRITICAL: Infected cells can be maintained by replacing 90% of the old media with fresh

antibiotic-free media (Media 2) with or without experimental treatment every 48 h.

It is recommended to work with 1–3 columns/rows at a time, covering the plate with a lid between

steps to prevent the monolayer drying.

Staining and fixation

Timing: 2–3 h

Timing: 1 h (step 49)

Timing: 1 h (step 50)

49. Staining with Live/Dead Stain

a. Carefully remove media from infected plates and dispose into liquid waste containers.

b. Wash cells once with washing media.
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c. Add 100 mL of staining solution.

Alternatives: Any fixable live/dead dye can be used to analyze the viability of cells.

d. Incubate cells at 37�C, 5% CO2 and 95% humidity for 30 min in the dark.

e. Remove 90% (90 mL) staining solution and wash the cells 2 times with 200 mL washing media.

50. Fixation with 4% PFA

a. Carefully remove washing media and add 100 mL 4% paraformaldehyde (PFA).

b. Incubate cells at 22�C–25�C for 30 min in dark.

Note: Fixation time is extended to kill pathogenic Mycobacterium tuberculosis.

c. Wash cells twice with washing media and cover the macrophage monolayer with washing

media by adding a final volume of 200 mL per well.

d. Seal the plate with parafilm, wipe with an approved disinfectant, place in a sealed container

and safely remove it from BSL3 following standard operating procedures.

Outside BSL3 containment

Timing: 2 days

Timing: 2 h (step 51)

Timing: 6–7 h (step 52); 1 h (step 52a); 3 h (step 52b); 2 h (step 52c)

51. Imaging for analysis of cell numbers and dead cells

a. Remove 90% of washing media from the infected plate (approx. 180 mL) and add 100 mL/well

Hoechst 33342 nuclear dye (final concentration 50 mg/mL) suspended in 13 PBS.

b. Incubate the plate at 20�C–25�C for 15 min in the dark.

c. Remove the Hoechst dye and add 200 mL/well of 13 PBS. Cover the plate with aluminum foil.

d. Image and analyze the total and dead cell numbers using the Nexcelom Celigo imaging cy-

tometer (select Live-or-Dye� 594/614 Fixable Viability dye fluorescence for dead cells and

Hoechst stain for total cells).

Alternatives: Other automated fluorescence microscopy systems can be used.

52. Cell lysis and DNA isolation using magnetic beads

a. Preparation of Solid Phase Reversible Immobilization (SPRI) magnetic beads

Note: The SPRI beads are prepared according to (DeAngelis et al., 1995).

i. Resuspend stock solution of Sera-Mag SpeedBeads by vortexing.

Note: Vortex magnetic beads until the solution becomes uniformly distributed (vortex 4–5

times for 5 s each).

ii. Aliquot 3 mL beads into a 50 mL conical tube.

iii. Add 20 mL 13 TE buffer and pellet beads in a magnetic rack for 20–30 min at 20�C–
25�C (Figure 3A).

iv. Remove 13 TE buffer without disturbing magnetic beads and repeat step iii.
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v. Remove 13 TE buffer and resuspend the beads in 5 mL of nuclease free water.

vi. Add resuspended beads to the PEG buffer (the volume of PEG buffer is around 140mL)

Note: PEG buffer recipe is provided in the materials and equipment section.

vii. Wash the 50 mL conical tube with another 5 mL nuclease free water and add to PEG

buffer.

viii. Store the PEG buffer containing magnetic beads at 4�C in dark.

Note: Use the prepared SPRI magnetic bead suspension within one month.

b. Cell lysis

i. Remove 13 PBS from the plate and add 200 mL/well of 30 mM glycine solution in 13

PBS for 5 min to quench PFA.

ii. Remove glycine solution and wash cells 2 times with 13 PBS.

iii. Aliquot sufficient volume of the lysis buffer containing Proteinase K (described in the

materials and equipment section) in a separate tube (50 mL per well, i.e., 5 mL/plate).

iv. Add BCG to the lysis buffer and mix. The number of BCG per well should approxi-

mately match the expected Mtb load. For example, add 153103 CFU of BCG per

well if monolayers were infected with Mtb at MOI =1, i.e., add 1.53106 BCG to the

5 mL of the lysis buffer to prepare the stock solution.

v. Remove 13 PBS and add 50 mL of the lysis buffer stock solution containing BCG to each

well.

Figure 3. DNA isolation using magnetic beads

(A and B) Washing magnetic beads with 13 TE buffer (B) Separation of flow through from DNA containing magnetic

beads using magnetic plate.

ll
OPEN ACCESS

12 STAR Protocols 3, 101241, June 17, 2022

Protocol



Note: Avoid drying the fixed monolayers.

vi. Incubate the plate at 600 C for 45 min to lyse macrophages and release the bacteria.

vii. Transfer the lysate to a PCR plate and heat at 95�C for 45 min to lyse the bacteria (Mtb

and BCG).

viii. Centrifuge the plate for 1 min at 200 3 g to collect liquid at the bottom and add an

equal volume (50 mL) of neutralization buffer (40 mM Tris-HCl, pH � 6, see note in

the materials and equipment section). By adding an equal volume of the neutralization

buffer to the lysate, the final pH will be adjusted to 7.5–8.0).

Note: At this stage the lysates can be used immediately for DNA isolation, stored 16–18 h at

4�C, or stored frozen at �20�C for up to 1 month.

c. DNA isolation and enrichment

i. For DNA isolation add 70 mL SPRI magnetic bead suspension (prepared in step 52 a) per

well and mix by pipetting up and down, until the bead suspension is homogeneous.

ii. Incubate the PCR plate at 22�C–25�C for 15–20 min.

iii. Place the PCR plate on a magnetic plate (Life Technologies, Cat. #12331D) and allow

precipitation of magnetic beads for 15–20 min.

Note: an extended time of 15–20 min is necessary because the lysate is viscous.

iv. Keeping the plate on the magnetic plate, carefully remove flow-through without dis-

turbing or removing any magnetic beads (approx. volume would be �170 mL) (Fig-

ure 3B).

v. Add 180 mL of 70% ethanol per well to wash the SPRI magnetic beads.

vi. Incubate the plate for 2 min at 22�C–25�C and remove 70% ethanol keeping the PCR

plate on the magnetic plate.

vii. Repeat the wash step two more times, and remove ethanol.

viii. Remove PCR plate from the magnetic plate and incubate at 37�C for 15 min to evap-

orate residual ethanol.

ix. Add 40 mL nuclease free water, mix by pipetting up and down, incubate at 22�C–25�C
for 15–20 min to elute DNA from the beads.

x. Place the PCR plate back on the magnetic plate at 22�C–25�C for 2 min.

xi. Keeping the PCR plate on the magnetic plate, carefully transfer 35 mL (If 40 mL was the

elution volume used) of isolated and enriched DNA to a new PCR plate.

xii. Cap the plate and store it at �20�C for long-term storage or continue to the qPCR

step.

Mtb- and BCG-specific primers and probes

Mtb-specific primers amplify a 146 bp fragment of the esat6 (Rv3875) gene, which is encoded within

the region of difference 1 (RD1) which is absent in BCG. BCG-specific primers anneal immediately

upstream and downstream of the RD1 region and amplify a 162 bp fragment covering the junction

region absent in Mtb.

For Mtb probe the 50 reporter dye used is 6-FAMTM (code 56-FAM) and the 30 quencher dye is

TAMRATM-SP (36-TAMsp), while for the BCG probe the 50 reporter dye used is Cy5TM (5Cy5) and

the 30 quencher dye is Iowa black� RQ-Sp (3IAbRQSP).

Details of primer design are shown in Figure 4 and primers and TaqMan probes used are listed in the

materials and equipment section.
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qPCR and normalization for one step multiplex qPCR

Timing: 3 h post DNA isolation to results

The one step multiplex qPCR is standardized for Mtb and BCG genome specific primer-probes

pairs. The BCG is used as an internal standard for the normalization of every step of the sample

processing.

53. Reaction Master Mix and Plate Setup for qRT-PCR

a. Thaw TaqMan Environmental Master Mix 2.0, Mtb and BCG primers/probes on ice, pro-

tected from light.

b. Mix the master mix by pipetting up and down, and mix the primers and probes by inverting

3–4 times, then briefly spin to collect liquid at the bottom.

c. Prepare the Mtb and BCG specific 23 primers and TaqMan probes mix as follows:

d. Determine the number of reactions based on the number of wells you have in 96-well plate.

Figure 4. Mtb- and BCG-specific primers and probes design

The Mtb and BCG specific primers were designed considering absence of RD1 in BCG.

Primer - probe master mix preparation

Component
Stock concentration
(picomole/mL)

Working concentration
(picomole/mL)

Volume for
100 mL mix (23)

Forward primer 100 10 20 mL

Reverse primer 100 10 20 mL

Probe 100 10 20 mL

Nuclease-free water – – 40 mL
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e. To prepare the one-step multiplex qPCR master mix, see the table below:

f. Mix by gently pipetting up and down. Centrifuge briefly at 4�C for 15 s at 1,000 3 g.

g. Dispense 11 mL of the master mix reaction into a new 96 well PCR plate (Bio-Rad Cat.

#MLL9601).

h. Add 9 mL template DNA (Isolated using magnetic beads protocol, step 52 c).

i. Seal the plate and centrifuge briefly at 4�C for 1 min at 200 3 g.

54. qPCR

a. Turn on the machine and allow the block to equilibrate.

b. Set up the following program:

Total run time: � 120 min

Note: Before starting the run, designate each target gene with the appropriate fluorophore:

Mtb=FAM/6-TAMsp and BCG=Cy5/3IAbRQSP (as described in section 8).

c. Load the 96-well plate and start the run.

55. Standard curves of Mtb and BCG specific primers and TaqMan probes:

A known amount of Mtb and BCG genomic DNA (0.1–1,000 pg with 10-fold dilutions) is run in trip-

licate together with the samples and used as a standard quantity (SQ) for quantification of DNA from

samples. Figure 5 shows the standard curves of Mtb and BCG specific primers and TaqMan probes in

multiplex qPCR reaction.

56. Quantification of genome equivalent

BCG and Mtb have similar genome sizes of approximately 4.37 and 4.4 MB. Based on the genome

sizes, we calculated the weight of BCG andMtb genome (which was 2.11 and 2.06 genomes in 1 femto-

gram for BCG andMtb subsequently) and used it to calculate genome equivalent after qPCR as follows:

Calculation of weight of Mtb genome:

Genome size: 4.4 3 106 bp

Mass of 1 bp = 660 Dalton

One-step multiplex qPCR master mix recipe (for 20 mL)

Reagent Volume per reaction (mL)

TaqMan Environmental Master Mix 2.0 10

Mtb primer/probe mix 0.5

BCG primer/probe mix 0.5

Isolated DNA template 9

One-step multiplex qPCR program

Steps Temperature (oC) Time

1 50 2 min

2 95 10 min

3 95 15 s

4 60 30 s

5 (repeat steps 3 and 4, 393)

6 40 5 min

7 4 N
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Weight of Mtb genome = genome size 3 mass of 1 bp

= 4.4 3 106 3 660

= 2.9 3 108

1 genome in grams = 1.67 3 10-24 (grams per Dalton) 3 2.9 3 108

= 4.84 x10-16 or 4.84 3 10-10 mg or 4.84 3 10-7 ng

Genomes in 1 ng = 1/4.84 3 10-7

= 2.06 3 106

Genomes in 1 pg = 2.06 3 103

Genomes in 1 fg = 2.06

a. Quantify standard quantity (SQ) of DNA in 9 mL template using standard concentration of

BCG or Mtb DNA.

Note: Load standards also in 9 mL total volume.

b. Multiply the SQ by the amount of DNAse-free water used for DNA elution from magnetic

beads (we isolate DNA in 40 mL nuclease free MQ water).

c. Calculate the SQ in femtograms.

d. To quantify total genome equivalents per well, multiply the values from step 56 c (in femto-

grams) by 2.06.

The example of genome equivalent calculation is provided in Table 2.

57. Quantification of Mtb fold change

The changes in bacterial loads in each well are calculated using DDCt method with BCG Ct values

serving as the housekeeping standard and Mtb Ct as a gene of interest.

The calculations are presented in Tables 3 and 4 and described below:

a. Subtract the Mtb Ct values from BCG Ct values for corresponding well:

[Ct Mtb - Ct BCG = x]

b. Calculate the 2-x (fold change as compared to the BCG standard)

c. Normalize Mtb load per well adjusting for the total cell number in that well (Table 4).

Note: Use the total number of macrophages (live and dead) (step 51) per well to normalize

the Mtb load to account for cell loss during Mtb infection. The number of dead cells provide

additional information regarding macrophage killing by Mtb under specific treatment

conditions.

Figure 5. Standard curves of Mtb and BCG DNA

(A and B) Standard curves of (A) Mtb and (B) BCG DNA were generated by qPCR using specific primers/probes and

serial dilutions of known concentrations of Mtb and BCG genomic DNA. The goodness of fit R square (0.9847 for Mtb

and 0.997 for BCG) was calculated by simple linear regression.
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d. Calculate the average Mtb load for the untreated Mtb-infected control (UTC) group.

e. Divide the values in each well (calculated in 9.5c) by the UTC average to determine fold

Mtb change per well and perform appropriate statistical analysis (unpaired t-test in this

example)

EXPECTED OUTCOMES

Time-course for macrophage survival and mycobacterial loads

The method provides simultaneous assessment of macrophage cell numbers, percentage of dead

cells and Mtb loads in individual samples (wells). Use of high-quality macrophage monolayers, sin-

gle-cell Mtb suspensions, lowMOI and change of culturemedium every 2 days enables us to perform

extended time-course experiments. Usually, individual plates are fixed at two-day intervals (for

example, days 1, 3, 5 and 7 post infection). All plates are lysed using the same lysis and therefore,

equal amount of the BCG spike is added across samples and plates. The use of equal BCG spike

allows for accurate comparison of Mtb loads across multiple samples fixed on different days. This

allows us to reliably distinguish patterns of the intracellular bacterial growth, persistence and killing.

In parallel, we assess macrophage survival, proliferation or death. Additional fluorescent probes and

fluorescent multiplexed imaging can be utilized to characterize macrophage status in greater detail.

Figure 6 shows Mtb replication through a time-course and macrophage survival/death experiment.

Table 2. Calculation of genome equivalent

Group Ct Mtb
Standard
quality in pg (SQ)

SQ in total eluted
volume (T) (SQ 3 4.44) SQ in fg (T 3 10^3)

Genome equivalent
(SQ in fg X 2.06) p value

Std-1 26.7 1,000.0 – – – –

Std-1 26.9 1,000.0 – – – –

Std-2 29.8 100.0 – – – –

Std-2 29.7 100.0 – – – –

Std-3 33.1 10.0 – – – –

Std-3 33.0 10.0 – – – –

Std-4 35.6 1.0 – – – –

Std-4 35.5 1.0 – – – –

Std-5 38.3 0.1 – – – –

Std-5 – – – – – –

UT 31.3 31.5 139.8 139,788.1 287,963.5 0.0004

UT 30.9 43.2 192.0 191,980.5 395,479.9

UT 31.3 31.7 140.6 140,642.2 289,723.0

UT 31.5 27.2 120.7 120,737.3 248,718.7

UT 31.4 29.3 130.0 130,044.8 267,892.3

IFNg 34.0 3.6 16.1 16,075.0 33,114.4

IFNg 33.2 6.8 30.2 30,217.5 62,248.0

IFNg 32.2 14.8 65.8 65,822.8 135,594.9

IFNg 32.6 10.8 47.8 47,844.9 98,560.5

IFNg 32.0 17.5 77.7 77,748.5 160,161.8

Table 3. Example of Mtb load calculation without normalization for the macrophage number

Group Ct Mtb Ct BCG a. dCt (Mtb-BCG) b. 2^-X d. Average UTC e. Mtb fold change p value

UT 31.73 29.74 1.99 0.25 0.33 0.76 0.05

UT 30.80 29.75 1.05 0.48 1.46

UT 32.04 30.02 2.01 0.25 0.75

IFNg 33.24 29.84 3.40 0.09 0.29

IFNg 34.00 30.44 3.56 0.09 0.26

IFNg 31.52 28.73 2.79 0.14 0.44

Data for Figure 7B.
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Mtb loads and macrophage death rates show an increase in a time-dependent manner. Thus, this

method is equally suitable for assessing effects of interventions targeting the pathogen and/or

the host cells. We used this method in our recent study to show that rocaglate (CMLD010538) in

combination with the cytokine IL-4 increases macrophage survival and improves macrophage

effector functions to control Mtb replication (Chatterjee et al., 2021).

Cell number

Virulent Mtb can kill infected macrophages. We also observed that some compounds become toxic

in the presence of virulent Mtb, even at concentrations that were not toxic for non-infected macro-

phages. In addition, host genetic background, co-infections, cytokines and other biological vari-

ables can modify the macrophage survival. The detachment and loss of the infected cells may

generate an illusion of the bacterial control. If excessive macrophage death and cell loss during

the time course of Mtb infection are observed in some samples, they should be removed from

subsequent analyses. The normalization of Mtb loads to the total cell numbers in individual wells

accounts for experimental variation and some unavoidable loss of cells due to multiple washes.

Inspecting fixed macrophage monolayers allows for the detection and removal of technical outliers

(as illustrated in Figure 7 and Tables 3 and 4). Although this method can be adopted for screening of

compound libraries using robotics, we have developed this approach for testing candidate

compounds and specific pathway inhibitors in a medium throughput format. First, we determine

non-toxic concentrations for each compound using non-infected macrophages. We also use a range

of the compound concentrations during Mtb infections, since virulent Mtb can synergistically in-

crease macrophage death.

The use of fixed macrophage monolayers allows for in-depth analyses of macrophages and compar-

ison of multiple timepoints outside BSL3. Overall, this technique complements a commonly used

Table 4. Example of Mtb load calculation after normalization for the macrophage number

Group Ct Mtb Ct BCG
dCt
(Mtb-BCG) 2^-X

Cells
per well

Normalized
Mtb per cell Average UTC

Mtb fold
change p value

UT 31.73 29.74 1.99 0.25 28,803 8.7593E-06 1.00001E-05 0.88 0.03

UT 30.80 29.75 1.05 0.48 35,503 1.357E-05 1.36

UT 32.04 30.02 2.01 0.25 32,303 7.6712E-06 0.77

IFNg 33.24 29.84 3.40 0.09 22,990 4.1135E-06 0.41

IFNg 34.00 30.44 3.56 0.09 23,514 3.6158E-06 0.36

IFNg 31.52 28.73 2.79 0.14 27,945 5.1627E-06 0.52

Data for Figure 7C.

Figure 6. Time-course of BMDM infection with Mtb

(A and B) The BMDMs were infected with Mtb at MOI 1 for 2 h in 96 well plate, extracellular Mtb was killed using

200 mg/mL amikacin for 1 h. The cells were infected for different time points. At day of harvest the cells were washed

with 13 PBS, stained with Biotium red, fixed using 4% PFA and took out from BSL3. (A) Total cell number (left Y-axis)

and percentage cell death (Right Y-axis) was observed using Celigo cytometer and plotted. (B) Mtb load was

calculated using BCG spike and cell number as normalization. The data are represented as mean G SEM and p value

%0.05 was considered statistically significant.
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CFU enumeration method by increasing throughput, while simultaneously eliminating the need of

biocontainment for all method-specific steps.

LIMITATIONS

In absence of bacterial DNA degradation induced by the macrophages, quantification techniques

based on DNA detection cannot distinguish between DNA from alive, viable but not growing, or

dead bacteria. Consequently, we see no drop in bacterial load over the time-course of treatment

of liquid Mtb cultures with rifampicin (bactericidal) and isoniazid (bacteriostatic) antibiotics. There-

fore, this method should not be applied to liquid Mtb cultures.

However, in IFNg-activated macrophages, we observed the decrease in the bacterial loads within 24 h

post infection. This indicates that activated macrophage can kill intracellular Mtb and eliminate the

dead Mtb DNA, perhaps via enzymatic digestion. Although we have not determined the half-life of

deadMtbDNA inmacrophages, our experiments proceed for 3–7days – a period sufficient for the elim-

ination of the deadMtbDNA. Importantly, the describedmethod ofMtbDNA isolation can be adopted

for use in combination withDNA-based approaches, other thanMtbgenomequantification, such as the

replication clock (Gill et al., 2009), transposon insertion site sequencing, competition of pools of the bar-

codedMtb strains andMtbmutants, as well as for the DNA-based TB diagnostics. However, each novel

application of this technique will require additional optimization and validation steps.

TROUBLESHOOTING

Problem 1

Incomplete lysis of PFA fixed macrophages (step 52 b).

Lysis buffer (25 mMNaOH and 0.2 mM EDTA) is quick and efficient when used on unfixed cells. Upon

the 4% PFA fixation, the macrophage monolayer is less efficiently lysed.

Potential solution

Incubate the monolayer with lysis buffer containing 0.2 mg/mL proteinase K at 60�C for 45 min. The

addition of proteinase K to lysis buffer achieves complete lysis of macrophages (Table below), does

not alter mycobacterial DNA quality and improves qPCR yields.

Figure 7. Effect of treatment with IFNg on macrophage survival and Mtb load

(A–C) The BMDMs were pre-treated with 100 U/mL IFNg for 16 h and subsequently infected with Mtb at MOI 1 for 2 h,

extracellular Mtb was killed using 200 mg/mL amikacin for 1 h. After phagocytosis cells were treated with IFNg for 24 h,

cells were washed with 13 PBS, stained with staining solution, fixed using 4% PFA and took out from BSL3. (A) Total

cell number was observed using Celigo cytometer and plotted. (B) Mtb load without normalization with cell number.

(C) Mtb load after normalization with cell number. The data are represented as mean G SEM and p value %0.05 was

considered statistically significant.
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Problem 2

Problems with 4% PFA fixation (steps 50 and 52 b)

The fixation of monolayers with 4% PFA for short duration (10 min) was not sufficient to kill Mtb while

long fixation (over 60 min) makes lysis of macrophages difficult. DNA isolated from PFA fixed mac-

rophages also shows low signal in qPCR.

Potential solution

The proper duration of PFA fixation is necessary to kill Mtb and to allow lysis. We find that incubation

of monolayers with 4% PFA for 30 min is more than sufficient to kill Mtb.

PFA fixation inhibits qPCR. To quench PFA effects, incubate fixed monolayers with 30 mM glycine in

13 PBS for 5 min and wash cells with 13 PBS before the lysis.

Problem 3

Low recovery of Mtb DNA (steps 52 b and 52 c)

NaOH concentration and incubation temperatures have to achieve complete mycobacterial lysis on

the one hand, and to avoid DNA hydrolysis on the other hand. Also, DNA fragment size and salt con-

centration affect the efficiency of DNA isolation using SPRI magnetic beads.

Potential solution

Mtb and BCG bacteria were incubated in different concentration of NaOH at 65, 75 and 95�C. We

found that treatment with 12.5, 25 and 50mMNaOH at 950C for 20min produced a partially sheared

mycobacterial DNA of desirable fragment size, while further increase of the NaOH concentration re-

sulted in DNA hydrolysis and decrease of the qPCR signal (Figure 8).

Problem 4

Inconsistent amplification of macrophage DNA as internal control (step 54)

We observed that using our Mtb DNA isolation and purification protocol, macrophage DNA could

not be used for the normalization, because amplification of mammalian genes produced variable

results.

Lysis conditions for 4% PFA fixed BMDMs

Buffer Temperature Time (min) Observation

Lysis Buffer 20�C–25�C 120 Partial lysis

Lysis Buffer + Proteinase K 20�C–25�C 120 Complete lysis

Lysis Buffer 37�C 60 Partial lysis

Lysis Buffer + Proteinase K 37�C 60 Complete lysis

Lysis Buffer 60�C 45 Partial lysis

Lysis Buffer + Proteinase K 60�C 45 Complete lysis

Figure 8. Standardization of mycobacterial lysis and qPCR

(A) M. bovis BCG grown in liquid culture was diluted to 1 3 106 per mL and treated with NaOH at the indicated final

concentrations and temperatures for 20 min, neutralized with 40 mM Tris-HCl (pH � 6) and run on 0.8% agarose gel.

(B) The lysate (9 mL) was used in qPCR reaction with BCG specific primers.

The data are represented as average Ct values.
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Potential solution

This protocol was optimized for efficient mycobacterial lysis and DNA isolation, we addedmycobac-

terial spike to provide a better internal control. This provided control for the efficiency of mycobac-

terial lysis, DNA isolation and qPCR amplification. Using the same lysis buffer allows for comparison

between different plates, i.e., samples prepared at different timepoints for the accurate time course

analysis.

Problem 5

Macrophage death or loss over a time course of infection (step 51)

Mtb is an intracellular pathogen and loss or death of infected macrophages can lead to misinterpre-

tation of the bacterial load.

Potential solution

Simultaneous control of macrophage monolayers quality and cell viability. Normalization of Mtb

load to the macrophage number reduces variation within experimental groups due to cell loss dur-

ing long experiments. If excessive macrophage death and cell loss during the time course of Mtb

infection are observed in some samples or treatment groups, they should be removed from subse-

quent analyses of Mtb loads.
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