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Abstract
The limited availability of rapid and

reliable flow cytometry-based assays for ex
vivo quantification of autophagy has ham-
pered their clinical applications for studies
of diseases pathogenesis or for the imple-
mentation of autophagy-targeting therapies.
To this aim, we modified and improved the
protocol of a commercial kit developed for
quantifying the microtubule-associated pro-
tein 1A/1B light chain 3B (LC3), the most
reliable marker for autophagosomes cur-
rently available. The protocol modifications
were set up measuring the autophagic flux
in neoplastic (THP-1 cells) and primary
cells (peripheral blood mononuclear cells;
PBMC) of healthy donors. Moreover,
PBMC of active tuberculosis (TB) patients
were stimulated with the Mycobacterium
tuberculosis purified protein derivatives or
infected with live Mycobacterium bovis
bacillus Calmette-Guerin (BCG). We found
that the baseline median fluorescence
intensity (MFI) of THP-1 cells changed
depending on the time of sample acquisition
to the flow cytometer. To solve this prob-
lem, a fixation step was introduced in differ-
ent stages of the assay’s protocol, obtaining
more reproducible and sensitive results
when a post-LC3-staining fixation was per-
formed, in either THP-1 cells or PBMC.
Furthermore, since we found that results are
influenced by the type and the dose of the
lysosome inhibitor used, the best dose of
Chloroquine for LC3 accumulation were set
up in either THP-1 cells or PBMC. Finally,
applying these experimental settings, we
measured the autophagic flux in CD14+

cells from active TB patients’ PBMC upon
BCG infection. In conclusion, our data indi-
cate that the protocol modifications here
described improve the stability and accura-

cy of a flow cytometry-based assay for the
evaluation of autophagy, thus assuring more
standardised cell analyses.

Introduction
Autophagy is a pathway by which cyto-

plasmic materials, including macro-
molecules, organelles and pathogens, are
delivered to the lysosome for degradation
and, eventually, for recycling of intracellu-
lar constituents. Based on the mechanisms
for lysosome delivery, three types of
autophagy have been defined: macroau-
tophagy, microautophagy and chaperone-
mediated autophagy.1 During macroau-
tophagy (hereinafter  referred as autophagy)
the materials to be degraded are sequestered
and delivered to lysosomes through de novo
generation of a double-membrane vesicles,
termed autophagosomes.2 Their formation
requires, among several proteins encoded
by the autophagy-related genes, the activity
of the microtubule-associated proteins
1A/1B light chain 3B (LC3), which is con-
sidered the most reliable marker of
autophagosomes. Under normal conditions,
LC3 is mainly diffuse in the cytosol as an
unmodified form, denominated LC3-I.
Upon autophagy initiation, LC3-I is modi-
fied by the addition of a phos-
phatidylethanolamine moiety through a
ubiquitin-like conjugation system in the
LC3-II form, which translocates to nascent
autophagosomes regulating their
formation.3 Autophagic processes are either
constitutive or activated in response to dif-
ferent stimuli. Autophagy is involved in
various physiological processes and its
alterations have been associated with differ-
ent pathologies such as neurodegenerative
diseases, cardiovascular complications,
cancers and infectious diseases.4-6 In partic-
ular, autophagy has been implicated in the
control of microbial infections for its role in
the innate and specific immunity, such as
pathogen clearance, lymphocyte develop-
ment, antigen presentation and
immunoglobulin production.7-9 Several
pathogens have developed strategies to
overcome or manipulate the autophagy
response to prevent their clearance, allow-
ing them to establish infection. Therefore, it
would be important to use sensitive quanti-
tative assays to measure variations in the
autophagy flux for the study of several dis-
eases. For instance, in the tuberculosis field,
it has been shown that Mycobacterium
tuberculosis (Mtb) impairs cell autophagic
flux in primary macrophages infected in
vitro and that specific T cells rescue this
block.10 Therefore, it would be interesting to
evaluate in primary cells of active tubercu-
losis (TB) patients a modulation of the

autophagic flux. The most widely approach-
es used to detect LC3-I to LC3-II conver-
sion, and hence the number of autophago-
somes, is the immunoblot analysis, while
the LC3 cellular localisation is mainly
detected by fluorescence microscopy analy-
sis, which are, however, time consuming
procedures not applicable for a clinical pur-
pose.11 In the attempt to make the autophagy
evaluation significantly less burdensome,
several efforts have been made to measure
LC3 by flow cytometry, which allows rapid
analysis that can be combined with other
phenotypic and functional markers for the
characterization of different cell popula-
tions.12-14 For instance, engineered LC3
fused with fluorescent proteins (i.e. Green
or Red Fluorescent Protein or mCherry) has
been generated, however, this approach
requires cells transfection, a methodology
not easily feasible with primary cells and
that requires several days of cultures. On
the other hand, although several anti-LC3
antibodies have been tested, to the best of
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our knowledge, no antibody specific for
LC3-II form has been developed, which
confines the analysis to the measurement of
total LC3 with no distinction between LC3-
I and LC3-II forms. Recently, this limit has
been circumvented by the development of a
commercial method that eliminates the
cytosolic LC3-I form by a selective cell per-
meabilisation step, while leaving LC3-II
inside the autophagosomes, which is mea-
surable by flow cytometry.15-17

Aim of this study was to improve the
accuracy of a commercial cytometric test
for the detection of autophagic flux in cell
lines and primary cells. To this goal, LC3
levels were measured either in THP-1 cells
or in peripheral blood mononuclear cells
(PBMC) introducing modifications in the
assay’s procedure. Moreover, in an effort to
evaluate the autophagic flux modulation
during the antigen-specific response or bac-
terial infection, autophagy was measured in
PBMC isolated from active TB patients,
either treated with the Mtb purified protein
derivatives (PPD) or infected with live
Mycobacterium bovis bacillus Calmette-
Guerin (BCG). 

Materials and Methods

Cells
PBMC from individuals, either with

pulmonary active TB or healthy donors,
were isolated from whole blood by Ficoll
density gradient centrifugation.18 Active TB
was diagnosed by a positive culture for Mtb
from the sputum.19 The study was approved
by the ethical committee of the National
Institute of Infectious Diseases (INMI)
“Lazzaro Spallanzani” (Approvals no.
29/2014; 34/2010; 28/2014), Rome, Italy.
All participants were informed about the
aims of the study and their written and
signed informed consent was obtained.
THP-1, a human monocytic leukemia cell
line, were cultured as already reported20 and
routinely screened for mycoplasma infec-
tion (Applied Biological Materials Inc.,
Richmond, BC, Canada - Cat. No. G238.
THP-1 cells and PBMC were cultured in
RPMI 1640 supplemented with heat inacti-
vated 10% fetal bovine serum, 2 mM L-glu-
tamine and 1% penicillin/streptomycin
solution (Sigma-Aldrich, St. Louis, MA,
USA; Cat. No. R0883; F7524; G7513;
P0781, respectively) and maintained at 5%
CO2, 37°C.

Autophagic flux evaluation
Briefly, cells, either THP-1 or PBMC,

were seeded at 1x106/tube and left untreated
or treated with autophagy inhibitors for the
indicated times (i.e. 4 h or 24 h). Autophagy

inhibition was obtained using different
compounds: Reagent A (RA) present in the
FlowCellect™ Autophagy LC3 Antibody-
based Assay Kit (Merck Millipore,
Burlington, MA, USA; Cat. No.
FCCH100171; hereinafter referred as
FlowCellect Kit) accordingly with the man-
ufacturer’s instruction; Bafilomycin A1
(BafA1; 5 µM) and Chloroquine (CQ) at the
indicated concentrations (Sigma-Aldrich;
Cat. No. B1793, C6628, respectively). 

PBMC from active TB patients were
either infected with BCG using a MOI=1 (1
bacillus/cell) (BCG Pasteur (TMC1011)),
kindly provided by Prof. Giovanni Delogu
(Fondazione Policlinico Universitario A.
Gemelli IRCCS, Università Cattolica del
Sacro Cuore, Rome, Italy),21 or stimulated
with 25 µg/mL of Mtb PPD (Statens Serum
Institut, Copenhagen, Denmark). Treat-
ments with BCG or PPD were carried out
for 24 h either alone or in presence of CQ
(20 µM) for the last 20 h.

Flow cytometry
The expression of LC3 was evaluated

by the FlowCellect Kit, which contains a
mouse FITC-conjugated anti-LC3 mono-
clonal antibody (clone 4E12), using the
FACS Canto II flow cytometer (BD
Biosciences, Franklin Lake, NJ, USA). To
ensure more data consistency over time,
cytometer performance was optimized in
each experiment using the cytometer setup
and tracking beads (BD Biosciences, Cat.
No. 642412). Relative fluorescence intensi-
ty value and histograms were obtained and
analysed with FlowJo software (Tree Star
Inc., Ashland, OR, USA). The histograms
plots showed the intensity of expression vs
the number of events. Each analysis includ-
ed at least 100,000 events and each experi-
ment was performed at least in triplicates.
Briefly, the LC3 staining was conducted
either following the manufacturer’s instruc-
tion or with the addition of a fixation step
using a 4% (v/v) neutral buffered formalin
[about 1.6% (v/v) formaldehyde; UCS
Diagnostic, Morlupo, Rome, Italy; Cat. No.

FRN500] in 1xPBS solution introduced
either i) soon after the permeabilisation step
before LC3 staining (Fix pre-staining) or ii)
after the staining step with the anti-LC3
antibodies (Fix post-staining) as schema-
tized in Table 1 (see also Supplementary
Figure 1). 

In some experiments, PBMC were co-
stained for CD3 (Miltenyi Biotec Inc.,
CD3-APC-Vio770; Cat. No. 130-096-610)
or CD14 (CD14-PE-Cy7; Cat. No. 557742;
BD Biosciences), in addition to anti-LC3.
In experiments carried out using more than
one fluorescent antibody, we used compen-
sation beads to optimize fluorescence set-
tings for multicolour flow cytometric analy-
ses (BD Biosciences; Cat. No. 552843).

Immunoblotting analysis
Western blotting analysis was carried

out as previously reported.22,23 Whole cell
extracts (12 μg), obtained using CelLytic™
MT Cell Lysis Reagent (Sigma-Aldrich,
Cat. No. C3228), were separated on SDS-
PAGE 13.5% gels and electroblotted onto
polyvinylidene difluoride membrane
(Merck Millipore, Cat. No. IPVH20200).
Blots were incubated with primary antibod-
ies diluted in 5% (w/v) non-fat dry milk in
1X TBST buffer (tris-buffered saline (TBS),
0.1% Tween 20; Sigma-Aldrich, Cat. No.
T5030; P1379, respectively). The primary
antibodies used in this study were rabbit
anti-LC3 (Cell Signaling Technology,
Danvers, MA, USA; Cat. No. 2775; diluted
1:1000) and mouse anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Merck
Millipore; Cat. No. CB1001; diluted
1:5000). Detection was achieved using
horseradish peroxidase-conjugate sec-
ondary antibodies (Jackson Immuno-
Research Laboratories, West Grove, PA,
USA; anti-mouse Cat. No. 715036150, anti-
rabbit Cat. No. 711036152) and visualized
with either Luminata crescendo for LC3 or
Luminata Classico for GAPDH (Merck
Millipore, Cat. No. WBLUR0500,
WBLUC0500, respectively) using the
BioRad Chemidoc. Quantification of band
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Table 1. LC3 staining steps.

                                                               No fix                        Pre-staining        Post-staining
                                              (Manufacturer’s protocol)           fixation                fixation

Permeabilisation (Reagent B)                               Yes                                             Yes                               Yes
Fixation (1.6% formaldehyde)                                  /                                       Yes (5’ at RT)                         /
Wash (1X PBS)                                                          Yes                                             Yes                               Yes
Anti-LC3 Ab s(30’ at R.T.)                                        Yes                                 Yes (+0.5% Sap)                   Yes
Fixation (1.6% formaldehyde)                                  /                                                   /                         Yes (5’ at RT)
Wash (1X PBS)                                                          Yes                                             Yes                               Yes
Sap, saponin 
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intensity was performed with Image Lab
5.2.1.

Statistical analysis
Data analysis was performed using

GraphPad Prism version 7.0.4 for Windows
(GraphPad Software, San Diego, CA, USA;
www.graphpad.com) and the Mann
Whitney U test was used to analyze
unpaired data to compare the groups.

Results 

Comparison of different autophagy
inhibitors in THP-1 cells

To accurately measure cellular
autophagic activity, it is essential to evalu-
ate the so-called “autophagic flux”, which is
defined as the amount of autophagosomes
degradation in a given period of time. This
is usually measured by comparing the levels
of LC3-II in the presence or absence of
lysosomal inhibitors. In the attempt to opti-
mize the measurement of autophagic flux
by flow cytometry, we used the FlowCellect
Kit developed by Millipore. To this aim we,
firstly, compared the effects on LC3 accu-
mulation of THP-1 cells induced by
Reagent A (RA; diluted 1:1000), an undis-
closed autophagy-regulating compound(s)
provided by the FlowCellect Kit, to those
stimulated by either BafA1 (5 µM) or CQ
(80 µM), two well characterized autophagy
inhibitors that affect lysosome functions
and, consequently, block autophagosomes
degradation.24 Cells were treated with one
of the three compounds or left untreated for
24 h and the LC3 levels evaluated using the
FlowCellect Kit, following the manufac-
ture’s instruction, measuring the relative
median fluorescence intensity (MFI)
(Figure 1). Each sample was measured by
flow cytometry at three different times: i)
right after the LC3 staining (0 h), ii) after 2 h
(data not shown because no differences
with the 0 h samples were found) or iii)
after one day (24 h). The three compounds
display different ability to induce LC3 accu-
mulation in THP-1 cells, at least at the con-
centration tested, with RA being the most
powerful inducer of LC3 accumulation, fol-
lowed by CQ and BafA1, as measured by
flow cytometry (Figure 1 A-E). When sam-
ples were acquired right after the end of the
assay (0 h) RA, CQ and BafA1 accumulated
LC3 14.97±0.35, 5.77±0.51 and 4.21±0.08
fold with respect to that of untreated cells
(NT), respectively (Figure 1A, red
columns). This ranking was the same also
when the samples were acquired one day
after the end of LC3-staining procedure (24 h),
although with slightly lower values
(12.82±0.04; 5.07±0.43 and 3.79±0.04 fold

of NT, respectively) (Figure 1A, blue
columns). The same trend of LC3-II accu-
mulation was observed by western blot
analysis (Figure 1 F,G). Since the levels of
LC3-I form are similarly represented inde-
pendently of the treatments used (with the
only exception of the RA-treatment), while
the LC3-II amount significantly increases in
treated cells, it is likely that the LC3 mea-
sured by flow cytometry is mainly LC3-II
rather than a mixture of LC3-II/LC3-I
forms. Since the permeabilisation step,
which is necessary for LC3-I extracellular
release, affects significantly the shape of the
cells (data not shown), we measured also
the baseline MFI of the THP-1 cells
analysing the samples that were not stained
with LC3 antibodies (unstained, US). As
shown in Figure 1 C,D, we found that,
regardless of the type of stimulation, the
unstained samples showed a different MFI
depending on the time of sample acquisition
to the flow cytometer. In fact, increased
MFI values were measured in cells acquired
24 h after LC3 staining (blue columns) with
respect to the same sample acquired right
after the end of the assay (0 h) (1.38±0.06;
1.26±0.03; 1.26±0.02 and 1.25±0.00 fold of
0h for NT, RA, BafA1 and CQ, respective-
ly). These differences were substantial
when the LC3-stained samples were com-
pared to the paired unstained samples. In
fact, as shown in Figure 1E, the ratio
between LC3-stained/unstained samples
decreased when the cells were acquired 24
h post-assay compared to the same samples
acquired right after the LC3 staining proce-
dure (blue vs red columns, respectively).
These results suggest, therefore, that a fixa-
tion step may be useful to avoid misinter-
pretation of the results, particularly when
samples have to be acquired several hours
after the staining procedure. Moreover, as
mentioned above, although the RA provided
by the kit better induces LC3 accumulation,
we chose to work with a widely used
autophagy inhibitor, as the CQ, for the pro-
cedure setting up.

Setting up a fixation step and 
characterization of CQ treatment 
in THP-1 cells

With the aim of avoiding the increased
baseline MFI of THP-1 cells, we evaluated
the introduction of a cell fixation procedure
right after the cell membranes permeabilisa-
tion step, before the LC3 staining (Fix pre-
staining; see materials and methods sec-
tion). The LC3 levels of THP-1 cells, either
untreated (NT) or treated with CQ (80 µM)
for 24 h, were measured by flow cytometry
comparing the manufacture’s procedure
(i.e. No Fix protocol; grey columns and his-
tograms) with our modified method (i.e. Fix
Pre-staining procedure; black columns and

histograms). As shown in Figure 2 A,B,
higher MFI values were measured when the
Fix Pre-staining method was used with
respect to the No Fix procedure, in all the
sample tested, untreated and no LC3-
stained (US), untreated and LC3-stained
(NT) and CQ-treated LC3-stained (CQ)
cells. These differences were more evident
in the samples acquired soon after the stain-
ing procedures (0 h; Figure 2B, left panels)
respect to those acquired one day after the
staining procedure (24 h; Figure 2B, right
panels). This is mainly due to the fact that in
the No Fix-processed samples the MFI
increased after 24 h from the staining proce-
dures (Figure 2C, left panels), while the dif-
ferences between samples acquired at 0 h or
at 24 h after LC3 staining are negligible in
the fixed samples (Figure 2C left panels).

These differences were more evident
when the ratio between LC3-
stained/unstained samples was measured; in
the unfixed samples (i.e. manufacture’s pro-
cedure) it decreased evidently when the
cells were acquired 24 h post-assay, com-
pared to the same samples acquired right
after the staining procedure (Figure 2D, left
columns; blue vs red columns, respective-
ly). Notably these differences were not
found in the fixed samples (Figure 2D, right
columns), thus confirming that the fixation
step leads to more stable results, regardless
of the time of sample acquisition to the flow
cytometer. Western blot analysis suggested
that, as mentioned above, the increased lev-
els of LC3 in CQ-treated cells measured by
flow cytometry are mainly due to LC3-II
accumulation rather than a mixture of LC3-
II/LC3-I forms (Figure 2 E,F). On the other
hand, we observed that LC3 levels are
always higher in the fixed samples than in
the unfixed samples. A possible explanation
could be that the fixation prevents the com-
plete release of the cytosolic LC3-I form. To
address this point, we evaluated the intro-
duction of cell fixation in the protocol after
the LC3 staining step (Fix Post-staining)
and comparing the two fixation procedures.
Moreover, with the aim of setting up the
best dose of CQ for inducing LC3 accumu-
lation we treated THP-1 cells with different
concentration of this autophagy inhibitor.
When the LC3 level was evaluated as fold
increase of those of untreated cells, we
found that the samples analysed with the
post-staining fixation protocol had an
increased LC3 signal compared to that mea-
sured using the pre-staining fixation
method, starting from 60 µM of CQ (Figure
3 A,B). Notably, regardless of the fixation
protocols, no significant differences in LC3
MFI were found in samples acquired right
after the end of the assay or 24 h later (data
not shown), thus confirming that the fixa-
tion step prevented significant changes in
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Figure 1. LC3 accumulation induced by different autophagy inhibitors in THP-1 cells. 3A) Cells were treated for 24 h with Reagent A
(RA; Diluted 1:1000), BafA1 (5 µM) and CQ (80 µM) or left untreated (NT) and analysed by flow cytometry using the FlowCellect
Kit, following the manufacturer’s instructions; the same samples were analysed by flow cytometry both right after the end of the kit’s
procedure (0 h; red columns) and one day later (24 h; blue columns); data are expressed as average ±SD (n=4); *P<0.05 RA-0h vs RA-
24h. B) Cells were treated and analysed as in A; representative flow cytometry histograms of LC3 levels analysed at 0 h (red line) or 24
h (blue line) after the end of staining procedure. C) Cells were treated as in A and analysed for the baseline MFI (i.e. cells processed
with the kit but not stained with the anti-LC3 Ab); the same samples were analysed by flow cytometry both at the end of the kit’s pro-
cedure (0 h; red columns) and one day after (24 h; blue columns); data are expressed as average ±SD (n=4); *P<0.05 NT-0h vs NT-24h;
RA-0h vs RA-24h; BafA1-0h vs BafA1-24h; CQ-0h vs CQ-24h. D) Cells were treated as in A and analysed as in C; representative flow
cytometry histograms of baseline MFI of cells analysed at 0 h (red line) or 24 h (blue line) after the end of staining procedure; E) Data
represent MFI of LC3 levels normalized to baseline MFI of unstained cells (value =1), stimulated as indicated and analysed right after
the end of the kit’s procedure (0 h; red columns) and one day later (24 h; blue columns); data are expressed as average ±SD (n=4);
*P<0.05 NT-0h vs NT-24h; RA-0h vs RA-24h; BafA1-0h vs BafA1-24h; CQ-0h vs CQ-24h. F) A representative immunoblotting analysis
of LC3 in THP-1 cells treated as in A; GAPDH levels were used as loading control. G) Quantification of the ratio of LC3-II to GAPDH
band intensities obtained by immunoblotting analysis, as in F, and expressed as average ±SD (n=3).
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Figure 2. LC3 levels measured introducing a fixation step in THP-1 cells. A) Cells were treated for 24 h with and CQ (80 µM) or left
untreated (NT) and analysed by flow cytometry using the FlowCellect Kit, following either the manufacturer’s instructions (No Fix; grey
columns) or introducing cellular fixation right after cell permeabilisation (Fix Pre-staining; black columns); MFI of samples not stained
with LC3 antibodies (US) were also measured; the same samples were analysed by flow cytometry both right after the end of the kit’s
procedure (0 h) and one day after (24 h) as indicated; data are expressed as average ±SD (n=6); #P<0.005 Fix-US vs No Fix-US; Fix-NT
vs No Fix-NT; *P<0.05 Fix-CQ vs No Fix-CQ. B) Cells were treated and analysed as in A; representative flow cytometry histograms of
LC3 levels of THP-1 cells analysed with either No Fix (grey filled lines) or Fix Pre-staining (black lines). C) Cells were treated and
analysed as in A. Representative flow cytometry histograms of cells, either No Fixed or Pre-staining fixed as indicated, analysed at 0 h
(red line) or 24 h (blue line) after the end of staining procedure. D) Data represent MFI of LC3 levels normalized to baseline MFI of
unstained cells, stimulated as indicated and analysed right after the end of the kit’s procedure (0 h; red columns) and one day after (24
h; blue columns). Data are expressed as average ±SD (n=6); #P<0.005; CQ-0h vs CQ-24h; *P<0.05 NT-0h vs NT-24h. E) A representa-
tive immunoblotting analysis of LC3 in THP-1 cells treated as in A. GAPDH levels were used as loading control. F) Quantification of
the ratio of LC3-II to GAPDH band intensities obtained by immunoblotting analysis, as in E, and expressed as average ±SD (n=6). 
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Figure 3. LC3 accumulation induced by different doses of CQ in THP-1 cells. A) Cells were treated for 24 h with different doses of
CQ, as indicated, or left untreated (NT) and analysed by flow cytometry using the FlowCellect Kit in which a fixation step was intro-
duced either before (Fix Pre-staining; white columns) or after LC3 labelling (Fix Post-staining; black columns); data represent MFI of
LC3 levels normalized to that of NT cells analysed using the pre-staining fixation protocol and expressed as average ±SD (n=4); *P<0.05
Fix-Pre-staining vs Fix-Post-staining. B) Representative flow cytometry histograms of LC3 levels of THP-1 cells treated and analysed as
in A. C) A representative immunoblotting analysis of LC3 in THP-1 cells treated as in A; GAPDH levels were used as loading control.
D) Quantification of the ratio of LC3-II to GAPDH band intensities obtained by immunoblotting analysis, as in C, and expressed as
average ±SD (n=4).
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Figure 4. LC3 accumulation induced by different CQ treatments in human PBMC. A) Human PBMC were isolated from healthy
donors and treated with different doses of CQ, as indicated, or left untreated (NT) for 24 h; LC3 levels were measured by flow cytometry
using the FlowCellect Kit in which a fixation step was introduced either before (Fix Pre-staining; blue columns) or after LC3 labelling
(FIX Post-staining; red columns); data represent MFI of LC3 levels normalized to MFI of untreated cells analysed using the pre-staining
fixation protocol and expressed as average ±SD (n=4); *P<0.05 Fix-Pre-staining vs Fix-Post-staining. B) Flow cytometry histograms
show representative intracellular LC3 expression of cells unstimulated (NT) or stimulated with different doses of CQ as indicated for
24 h and analysed for LC3 levels using the pre-staining (blue lines) or the post-staining (red lines) procedure. C) A representative
immunoblotting analysis of LC3 in THP-1 cells treated as in A; GAPDH levels were used as loading control. D) Quantification of the
ratio of LC3-II to GAPDH band intensities obtained by immunoblotting analysis, as in D, and expressed as average ±SD (n=4).
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Figure 5. Measurement of LC3 levels induced by BCG or PPD treatments in human PBMC of patients with active TB. PBMC were iso-
lated from two patients (panels A,C,E and B,D,F, respectively) with active TB and stimulated with live BCG (MOI=1:1) and PPD (25
µm/mL) or left untreated (NT) for 24 h either in absence (white columns) or in presence of CQ (20 µM; black columns). LC3 levels
were measured by flow cytometry using the post-staining protocol in which CD3 and CD14 staining were also performed. LC3 MFI of
the whole PBMC (A,B), CD3+ (C,D) and CD14+ (E,F) cells are reported.

the MFI of THP-1 cells. Although with dif-
ferent magnitude, a similar LC3 accumula-
tion trend was measured by western blotting
(Figure 3 C,D). 

Characterization of CQ treatment
and setting up the fixation step in
human PBMC

Our final goal was to find a procedure
to evaluate reliably the autophagy flux of
human PBMC. To this aim, LC3 levels were
measured in PBMC stimulated with differ-
ent concentrations of CQ using the modi-
fied protocols set up in THP-1 cells.

PBMC isolated from healthy donors
were left untreated (NT) or treated for 24 h

with different doses of CQ (from 10 to 50
µM) and LC3 levels measured by the modi-
fied FlowCellect kit procedure. A higher
LC3 accumulation was found in the post-
staining fixed samples, with an average of
2.5-fold rise compared to NT samples, at 
10 µM concentration, and about 3.0-fold for
the other concentrations (Figure 4A, red
columns; Figure 4B, red line). Lower levels
of LC3 were measured in the pre-staining
fixed samples with an average of about 1.7-
fold rise for all CQ concentrations compared
to the untreated samples (Figure 4A, blue
columns; Figure 4B, blue line), thus suggest-
ing that in these cells the fixation procedures
may affect LC3 detection. Although with

lower values, the results obtained by flow
cytometry with the post-staining fixation
procedure present a similar trend of LC3-II
accumulation as measured by western blot
analysis (Figure 4 C,D). These results sug-
gest, again, that the LC3 measured by flow
cytometry is mainly LC3-II and confirm the
different sensitivity of the two assays in eval-
uating the autophagic flux. Next, we evaluat-
ed whether CQ treatment for shorter time
was sufficient to induce LC3 levels measur-
able by flow cytometry. To this aim, PBMC
were treated for 4 h with different doses of
CQ and LC3 levels measured as above. Only
the post-staining fixing procedure was able
to measure an increase in LC3 levels with
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respect to the untreated samples
(Supplementary Figure 2A; red columns),
although a substantial amount of LC3-II was
accumulated in cells, as measured by western
blotting (Supplementary Figure 2B and 2C),
thus confirming the different sensitivity of
the two procedures. 

BCG stimulation induces autophagy
in the CD14+ cells of active TB
patients

We finally aimed to evaluate whether
with our modified fix post-staining flow
cytometric method is possible to measure
the autophagic flux in PBMC stimulated
with Mtb-specific antigens. Therefore, we
tested whether either live BCG or the Mtb
PPD modulated LC3 levels in PBMC isolat-
ed from patients with active TB (Figure 5). 

Since BCG and PPD are known to stim-
ulate different cell types, including T cells
and macrophages,25-30 we labelled PBMC
also for CD14 and CD3 in addition to LC3.
PBMC from two patients with active TB
were stimulated for 24 h with BCG or PPD
either alone or in presence of CQ (20 µM)
for the last 20 h. No significant differences
in the LC3 levels were measured in the
ungated population (Figure 5 A,B), CD3+

cells (Figure 5 C,D) or CD14-/CD3- (data
not shown) in response to either BCG or
PPD. Differently, we found an increased
LC3 level in CD14+ cells in response to
BCG infection (Figure 5 E,F). However,
these increased levels were no further aug-
mented by CQ addition, thus suggesting
that BCG infection induces an accumula-
tion of autophagosomes due to a decreased
rate of degradation within lysosomes.
Altogether, these results indicate that the
autophagy flux could be measured by this
method also in primary cells infected by
Mycobateria.

Discussion
Autophagic activity is tightly regulated

in many physiological conditions.
Alterations of autophagy have been associ-
ated to numerous pathological disorders,
such as cancer, neurodegenerative and heart
diseases or pathological outcomes of
immune responses. 4-6 Moreover, several
human pathogens are degraded by
autophagy, including viruses and bacteria
(e.g., group A streptococcus, Mtb, Shigella
flexneri, Salmonella enterica, Listeria
monocytogenes and Francisella tularen-
sis).7-9,31-34

An improved capability to measure
autophagy in pathological conditions may
allow to evaluate the relevance of this pro-
cess in the pathogenesis and/or outcome of
different diseases and to identify potential

targets for diagnostic and therapeutic
approaches. It is, therefore, important from
a clinical point of view to find tools to mea-
sure autophagy in a more routinely diagnos-
tic procedure. Flow cytometry has been fun-
damental for clinical research, allowing the
multiparametric high-throughput phenotyp-
ic and functional analysis of individual
cells.16

This study aimed to improve the proto-
col of a commercial kit for the evaluation of
the autophagy flux in human PBMC by
flow cytometry. Among different available
kits, we chose the FlowCellect Kit devel-
oped by Millipore because it measures the
autophagosome-related LC3 (LC3-II form),
allowing the removal of the cytosolic LC3
(LC3-I form) by a selective cell permeabil-
isation procedure. Relative changes in MFI
was used for LC3 quantitation and, there-
fore, as correlation with the number of
autophagosomes present in the cell. 

We propose a cell fixation step as main
change in the assay’s procedure based
mainly on two considerations. Firstly, the
unfixed cells increased their baseline MFI
when analysed hours after the LC3 staining
procedure, which renders the autophagy
measurement unstable and, therefore, less
reliable. Secondly, in flow cytometry exper-
iments antibodies directed against various
surface markers are essential for the
autophagy evaluation of specific cell sub-
populations. Without a fixation step, such
antibodies could be lost during the assay’s
procedure, particularly in this setting in
which cells are permeabilised and, conse-
quently, have cellular structures seriously
affected. This variation of specific signal
may lead to unreliable results, particularly
when the samples are analysed hours after
the antibodies staining procedure.

The effects of fixation were evaluated
in two different steps of the assay, one right
after the cell permeabilisation (i.e. Fix Pre-
staining), the other at the end of the proce-
dure after LC3 staining (i.e. Fix Post-stain-
ing) (summarised in supplementary Figure
1). The post-staining fixation procedure led
to better results in both THP-1 cells and
human PBMC, in terms of fold of LC3
accumulation upon CQ treatment, when
compared to the untreated samples. This
difference may be explained mainly in two
ways that are not mutually exclusive: i) fix-
ation with formalin can affect the antibody
recognition of LC3, ii) the antibodies used
to detect the autophagic flux can be lost dur-
ing the assay’s procedure because of cell
permeabilisation. The observation that
unfixed THP-1 cells show a lower LC3 MFI
than the fixed samples supports this second
hypothesis. In addition, the lower LC3 MFI
of unfixed samples may be also explained
by the loss of intracellular structures, thus

reinforcing the idea that a fixation proce-
dure is very useful. 

A second variation that we applied in
the procedure was the substitution of RA
provided by the kit with CQ. We decided to
substitute RA mainly because its composi-
tion is not known, therefore making impos-
sible the comparison with previous results
obtained either in ours or in other studies.
We optimised the CQ concentrations for
both THP-1 cells and PBMC. In THP-1
cells the best CQ concentration for LC3
accumulation was 80 µM. On the other
hand, in the human PBMC, we found that
CQ at 20 µM concentration induced a good
LC3 accumulation without major toxic
effects. It has to be underlined that concen-
trations higher than 50 µM cannot be used
for 24 h because of toxicity (data not
shown).

Since the LC3 levels trend measured by
flow cytometry is very similar to LC3-II
quantified by western blot analysis, it is
very likely that the LC3 measured by flow
cytometry is mainly the LC3-II isoform.
Although our results confirmed the substan-
tial difference in sensitivity between flow
cytometry and western blot analysis, they
suggest that flow cytometry can be applied
to the study of cellular autophagy.

Our final goal was the development of
an assay to evaluate LC3 modulation in pri-
mary cells, in particular in PBMC of
patients with TB. To this goal, we evaluated
the autophagic flux of PBMC stimulated
with either live BCG or PPD, by flow
cytometry using our modified protocol. In
the two samples from active TB patients,
we measured a live BCG-induced increased
LC3 levels in cells expressing CD14, a
human monocyte-associated marker, thus
suggesting that this protocol is feasible for
the ex vivo assessment of autophagy flux
variation induced by specific stimuli.

Overall, we described modifications of
a flow cytometry-based assay that improved
the measure of ex vivo autophagy. This
modified procedure may be useful for the
routinely monitoring of the impact of differ-
ent stimuli and/or clinical conditions on the
cellular autophagic flux, opening new
research perspectives in the field.
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