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SUMMARY

Human macrophages are a natural host of many mycobacterium species, including Mycobacterium abscessus (M. abscessus), an emerging
pathogen affecting immunocompromised and cystic fibrosis patients with few available treatments. The search for an effective treatment
is hindered by the lack of a tractable in vitro intracellular infection model. Here, we established a reliable model for M. abscessus infection
using human pluripotent stem cell-derived macrophages (hPSC-macrophages). hPSC differentiation permitted reproducible generation
of functional macrophages that were highly susceptible to M. abscessus infection. Electron microscopy demonstrated that M. abscessus
was present in the hPSC-macrophage vacuoles. RNA sequencing analysis revealed a time-dependent host cell response, with differing
gene and protein expression patterns post-infection. Engineered tdTOMATO-expressing hPSC-macrophages with GFP-expressing myco-
bacteria enabled rapid image-based high-throughput analysis of intracellular infection and quantitative assessment of antibiotic efficacy.
Our study describes the first to our knowledge hPSC-based model for M. abscessus infection, representing a novel and accessible system for

studying pathogen-host interaction and drug discovery.

INTRODUCTION

The human macrophage is an important innate immune
cell type, playing key roles in development, regeneration,
inflammation, and infection (Wynn et al., 2013). Macro-
phages are responsible for the detection, uptake, and pro-
cessing of infectious microbes, setting up a sequence of im-
mune responses to eliminate potential pathogens (Tosi,
2005). However, human macrophages are also a natural
host of some pathogens, including most types of mycobac-
teria, which circumvent the macrophage’s normal strategy
for microbe elimination (Diacovich and Gorvel, 2010).
This results in difficult-to-treat chronic infections, a situa-
tion that is further exacerbated in immune-compromised
individuals and those with chronic pulmonary disorders.
One such pathogen is Mycobacterium abscessus, an environ-
mentally ubiquitous non-tuberculosis species that oppor-
tunistically infects individuals with lung diseases, such as
cystic fibrosis, and also causes skin and soft tissue infec-
tions in people with immunodeficiencies (Bryant et al.,
2013; Johansen et al., 2020; Lee et al., 2015).

M. abscessus is highly resistant to antibiotics, leaving in-
fected people with few treatment options (Lee et al., 2015;
Nessar et al., 2012). Moreover, the search for new antibi-
otics has been hindered by the lack of tractable experi-
mental human models suitable for high-throughput
phenotypic drug screening. Although animal models
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including Drosophila, zebrafish embryos, and immuno-
compromised mice are reported to be susceptible to
M. abscessus infection, platforms for studying M. abscessus
in a human context are limited (Bernut et al., 2017; Ordway
et al., 2008). An ideal system would employ functional hu-
man macrophages; however, such cells are difficult to
obtain routinely from human blood and are likely to
display variability associated with different donors. These
limitations make primary macrophages a less-than-ideal
platform for studying pathogen-host interactions and
drug screening.

Human pluripotent stem cells can be grown in large
numbers and differentiated to produce any cell type found
within the human body. hPSC-derived blood cells have
been used for studying hematopoietic development,
modeling diseases, and developing new therapies (Ivanovs
et al., 2017). Physiologically, hPSC-macrophages resemble
their counterparts isolated from human donors, making
them a preferable system in comparison to transformed
cell lines that often harbor multiple uncharacterized ge-
netic mutations (Cao et al., 2019; Han et al., 2019). In addi-
tion, hPSCs can be easily genetically modified, potentially
enabling mechanistic studies that could provide avenues
for the development of new therapeutic strategies (Hen-
driks et al., 2016). More recently, hPSC-macrophages
have been shown to support infection of a variety of viral
and Dbacterial pathogens, including Mycobacterium
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tuberculosis (Mtb) (Han et al., 2019; Lang et al., 2018; Nee-
hus et al., 2018; Vaughan-Jackson et al., 2021). In this
study, we show that genetically modified hPSC-macro-
phages support M. abscessus infection and represent a trac-
table and scalable system for studying host-microbe
interactions.

RESULTS

Generation of functional human macrophages from
pluripotent stem cells

We established a simple and serum-free chemically defined
method to generate functional macrophages from hPSCs,
including embryonic stem cells (ESCs) and induced plurip-
otent stem cells (iPSCs). This method directs the stepwise
differentiation of hPSCs through critical stages of hemato-
poietic development, recapitulating key events in the gen-
esis of early myeloid cells (Figures 1A and S1A). Flow cytom-
etry analysis for cell surface markers was used to monitor
the differentiation steps transiting key development stages,
including mesoderm (CD13*EPCAM"), endothelial pro-
genitor (CD13"VEGFR2"), endothelial cell (CD34*CD457),
and hematopoietic progenitor (CD34"CD45") (Figure S1B)
(Ivanovs et al., 2017; Ng et al., 2016). The frequency of
CD34*CD45" hematopoietic progenitor cells increased
from day 9 to day 12 (Figures S1C and S1D), providing a
substantial population for the subsequent efficient genera-
tion of macrophages at later timepoints (Figure S1E). At day
15, May-Grunwald-Giemsa hematologic-stained cytospin
preparations revealed a uniform population of large round
monocytic cells with vacuolated cytoplasm, with the latter
characteristic also evident by bright field and fluorescence
microscopy (Figure 1B). At this stage, flow cytometry anal-
ysis showed that CD45"CD14"* myeloid cells accounted for
approximately 70%-95% of the total suspension cells
(Figures 1C and 1D). This result was reproduced using three
independent hiPSC and hESC lines (Figure 1D), attesting to
the efficiency and robustness of this protocol for gener-
ating myeloid cells.

CD14" blood cells produced by this method had typical
characteristics of macrophages. Flow cytometry analysis
showed that the CD45"CD14" cells expressed functional
surface proteins of macrophages, which are critical for
phagocytosis (CD11b), bacterial pathogen responsiveness
(TLR4), antigen presentation (CD1c and HLA-DR), and
T cell co-stimulation (CD40 and CD86) (Figure 1E).
Furthermore, hPSC-macrophages showed robust phago-
cytic activity, evidenced by their capacity to uptake
fluorescence-labeled E. coli bioparticles, activity that
was largely absent at 0°C and inhibited by treatment
with the actin polymerization inhibitor cytochalasin D
(Figure 1F). Functional macrophages could be maintained

in cultures until at least day 30 (Figures S2A-S2E), a
characteristic that has logistical advantages for in vitro
applications.

Establishment of an infection model for M. abscessus
Next, we examined whether our hPSC-macrophages could
be infected by M. abscessus. To easily monitor the infection
process, we generated a GFP-tagged M. abscessus variant us-
ing the pTEC15 GFP-expressing plasmid (Takaki et al.,
2013). The GFP-expressing strain displayed identical
growth kinetics to the genetically unmodified wild-type
strain (Figure S2F). Preliminary experiments indicated
that a multiplicity of infections (MOI) of 5 provided a
robust level of infection after 3 h, as assessed by flow cy-
tometry analysis of GFP fluorescence (Figure S2G). This
result was also consistent with prior studies showing that
an MOI of 5 was efficient for M. tuberculosis infection of
hPSC-macrophages (Han et al., 2019). Furthermore, we
found that the initial uptake of mycobacteria was inhibited
by cytochalasin D or incubation at 0°C (Figure S2H), the
former confirming the infection process is dependent on
phagocytosis (Roux et al., 2016).

By 1 day post-infection (dpi), more than 70% of cells
were infected (Figures 2A and 2B). Over the ensuing days,
GFP intensity increased, demonstrating a progressive accu-
mulation of mycobacteria in each cell (Figures 2A and 2C).
Although it is unclear if this accumulation was due to
increased uptake or intracellular replication, M. abscessus
is known to replicate within macrophages and can even
escape the phagosomal compartment to infect neigh-
boring cells (Kim et al., 2019). Indeed, confocal microscopy
of 2-dpi cultures revealed multiple GFP+ M. abscessus in in-
dividual macrophages and that nearly all macrophages
were infected (Figure 2D). Furthermore, transmission elec-
tron microscopy showed that M. abscessus was present in
macrophage vacuoles in groups or as individual cells (Fig-
ure 2E), reminiscent of the previously reported rough or
smooth variants, respectively (Johansen et al., 2020; Roux
et al., 2016). Taken together, these results demonstrate
that hPSC-derived macrophages are a tractable model for
M. abscessus infection.

M. abscessus induces time-dependent responses in
infected macrophages

To probe the impact of M. abscessus on hPSC-derived mac-
rophages, we examined transcriptomic changes over the
course of infection at 3, 24, and 48 h by RNA sequencing.
Multidimensional scaling (MDS) analysis showed that un-
infected and 3-h-infected samples were separated from
24- to 48-h-infected samples in the first dimension (Fig-
ure 3A). In addition, the 24-h-infected samples were more
tightly clustered than those representing other time
points, suggesting that mycobacterial infection induced a
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Figure 1. Generation of functional human macrophages from pluripotent stem cells

(A) Roadmap of hPSC differentiation to functional macrophages in vitro.

(B) Morphological analysis for hPSC-derived macrophages. Panels show cyto-spin preparations of May-Grunwald-Giemsa-stained macro-
phages (left) and a bright field (BF) and a BF fluorescence-merged (tdTOMATO) image of macrophages generated from an hPSC line
that constitutively expresses a tdTOMATO transgene. Scale bar, 50 um.

(C) Flow cytometric analysis showing the expression of CD45 and CD14 on cells from differentiation cultures at day 15. The frequency of
(D457CD14" cells is indicated.

(D) Histograms summarizing the frequency of CD45"CD14" cells obtained from three independent hPSC lines over more than four indepen-
dent experiments: H1, n = 9; PB1, n = 10; AF1, n = 4. Data shown as mean = SEM, non-significant, examined by one-way ANOVA test.
(E) Flow cytometry analysis of CD45*CD14" cells (blue line) for the expression of surface markers typically associated with functional mac-
rophages. Undifferentiated hPSCs were used as negative controls (black line).

(F) Flow cytometry analysis of hPSC-derived macrophages incubated with pHrodoRed-conjugated E. coli bioparticles under the conditions
indicated. Incubation of E. coli bioparticles with hPSC-macrophages was conducted at 37°C (37°C + E. coli). Control groups: hPSC-derived
macrophages at 37°C (37°C no E. coli), incubation of £. coli bioparticles with hPSC-derived macrophages at 0°C (0°C + E. coli), incubation of
E. coli bioparticles with macrophages with cytochalasin D treatment at 37°C (37°C + cyto. D + E. coli).

convergent transcriptomic response program (Figure 3A). inflammation (Figure 3B). A heatmap of the top 100 genes
Gene ontology analysis showed that the major changes based on FDR-corrected p values showed clear distinctions
in the top 100 differentially expressed genes related to cyto-  between infected and uninfected conditions and revealed
plasmic translation, cell cycle and DNA damage, and distinct upregulated gene signatures between 3-h-infected
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versus 24- and 48-h-infected macrophages (Figure 3C). This
analysis separated samples into an uninfected and 3-h-
infected group, and a late infected group (24 and 48 h),
consistent with the grouping pattern shown in the MDS
plot (Figure 3C), suggesting that mycobacterial infection
of hPSC-macrophages triggered time-dependent transcrip-
tomic responses.

In addition to the independent experiments performed
with the PB1 line described above, we also tested macro-
phages representing additional independent genetic back-
grounds over an extended infection period time to 4 dpi
(see experimental procedures). MDS analysis showed that
uninfected and 3-h-infected samples were separated from
2-dpi and 4-dpi samples on the first dimension, and the
2-dpi samples were more tightly clustered than those repre-
senting other time points, confirming our conclusion that
mycobacterial infection induced a common transcriptomic
response program that developed irrespective of genetic
background variability of the host cells (Figures S3A and
S3C). By 4 dpi, this uniformity was decreased, perhaps re-
flecting degradation of the culture by the infection and po-
tential donor variability in the immune response at the late
infection stage. Similar to the results shown in Figure 3,
gene ontology analysis showed that the major changes in
the top 100 differentially expressed genes related to infec-
tion and immune responses (Figure S3B). This analysis
also separated samples into an uninfected and 3-h-
infected group, and a late infected group (2 and 4 dpi),
consistent with the grouping pattern shown in the MDS
plot (Figure S3C). Using the self-organizing maps tech-
nique (Tamayo et al., 1999), we classified time-variable
cytokine genes further into three clusters based on their
expression pattern over the course of infection (Fig-
ure S3D), which also showed a degree of variability of do-
nors in the regulation of cytokine gene expression. Howev-
er, overall, these analyses indicate that the immediate effect
of M. abscessus infection is to induce a common transcrip-
tomic response in the infected host cells.

To further wunderstand cytokine induction by
M. abscessus, we examined the kinetics of IL8 secretion, a

well-documented response of macrophages to microbial
infection (Lévéque et al., 2017; Meera et al., 2004; Khan
et al., 1995). Using ELISA, we found that IL8 secretion
was an immediate response of hPSC-macrophages to
M. abscessus infection, with elevated levels of IL8 detected
in the culture media within 24 h (Figure 3D). A similar
pattern of IL8 secretion was observed with the three inde-
pendent PSC lines tested (Figures 3D and S3E). Overall,
these results suggest that our hPSC-macrophages were
able to develop a host response to M. abscessus in a time-
dependent manner.

hPSC-macrophage-resident M. abscessus as a model
for assessing antibiotic sensitivity

Antibiotic resistance is a defining characteristic of myco-
bacteria with important clinical ramifications (Johansen
etal., 2020). A key challenge for such treatments is the abil-
ity to kill these bacteria when they are contained within
host cells, especially macrophages. We therefore examined
whether M. abscessus-infected hPSC-macrophages could be
used to test the efficacy of antibiotic treatments. For these
experiments we utilized generic antibiotics that are used
clinically for treating M. abscessus infection, including clar-
ithromycin, erythromycin, and gentamicin. However,
there is limited knowledge concerning the ability of these
antibiotics to target intracellular M. abscessus in human
macrophages. Such knowledge could underpin further
research into the development of antibiotic resistance,
especially to clarithromycin, and whether this resistance
is influenced by M. abscessus’ intracellular location (Mou-
gari et al., 2016; Rubio et al., 2015). In this experiment,
we also examined the consequence of antibiotic treatments
in the presence of tariquidar, a p-glycoprotein drug efflux
pump inhibitor previously shown to increase the antibiotic
sensitivity of macrophage-resident M. tuberculosis (Fig-
ure 4A) (Hartkoorn et al., 2007).

Our experimental setup incorporated macrophages and
mycobacteria expressing distinct fluorescent proteins,
enabling the use of high-resolution and high-throughput
fluorescence confocal microscopy to visualize and quantify

Figure 2. Infection of hPSC-macrophages by M. abscessus

(A) Flow cytometry analysis of M. abscessus infection (GFP) of CD14"CD45™ hPSC-macrophages from 1 day post-infection (dpi) to 5 dpi.
(B) Summary of infection kinetics of macrophages from three independent hPSC lines from 1 to 5 dpi using an MOI of 5. H1, n = 3; PB001,
n = 3, RM3.5, n = 3. Data are shown in individual values, non-significant tested by two-way ANOVA. “n,” number of independent ex-

periments.

(C) Summary of the average of intensity of GFP fluorescence in infected hPSC-macrophages from 1 to 5 dpi. MFI, mean of fluorescent
intensity. H1, n = 3; PB1, n =3, RM3.5, n = 3. Data shown are shown in individual values, significance tested by two-way ANOVA, P(RM3.5

d1 versus d5) = 0.0284. “n,” number of independent experiments.

(D) Confocal fluorescence images of tdTOMATO-expressing hPSC-macrophages infected with GFP-labelled M. abscessus at 4 dpi. Macro-
phage nuclei were identified by DAPI staining (blue). Scale bar, 50 pum.

(E) Transmission electron micrographs of hPSC-macrophages infected with M. abscessus presenting in groups or by individual after 2 days
of infection. The length of scale bars associated with each micrograph is indicated.
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Figure 3. Host cell responses of hPSC-macrophages to M. abscessus

(A) Multidimensional scaling (MDS) plot showing the relationship between samples representing uninfected (n = 4) and infected mac-
rophages were derived from the cell lines PB1 at 3 h (3h, n = 4), 24 h (24h, n = 3) and 48 h (48h, n = 3) post-infection. “n,” number of
independent experiments.

(B) Gene ontology analysis for top 100 differentially expressed genes between samples representing 48 h post-infection and 3 h post-
infection.

(C) Heatmap and hierarchical clustering analysis of the top 100 differentially expressed genes across the samples shown in (A). Hierarchy
relationship between samples is shown across the top, and individual genes are shown on the right. Heatmap color represents Log2 fold
change from the mean row expression.

(D) ELISA assay of secreted human IL8 for PB1 hPSC-macrophages infected with M. abscessus. The table shows concentrations of IL8 in the
indicated experiments (Exp 1-3), and lower panel shows fold change in IL8 concentration using data from the table above. Statistics were
calculated by a one-way ANOVA test. “n” = 3, independent experiments.
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the extent of infection (Figure 4A). After 4 days of treat-
ment with clinically relevant concentrations of antibiotics,
hPSC-macrophages retained intracellular GFP+ mycobacte-
ria, consistent with the widely documented multidrug
resistance of M. abscessus (Figures 4B and 4C). Nevertheless,
higher concentrations of antibiotics (100 ug/ml) reduced
the frequency of intracellular mycobacteria (Figures 4B,
4C, and S4A). In contrast to results obtained from
M. tuberculosis infection of THP1 leukemic cells, our exper-
iments showed that the efflux inhibitor, tariquidar, did not
improve antibiotic sensitivity against M. abscessus infec-
tion. Although these experiments involved different spe-
cies of mycobacteria, we believe this discrepancy is most
likely due to the lack of ABCB1 expression on hPSC-macro-
phages, a phenotype that they share with peripheral blood-
derived macrophages. In this context, it is noteworthy that
ABCBI is upregulated in leukemic cells (Drach et al., 1992;
Moreau et al., 2011), potentially making them amenable to
targeting with ABCB1 inhibitors, particular in the context
of intracellular mycobacterium antibiotic resistance (Hart-
koorn et al., 2007). Furthermore, the number of hPSC-mac-
rophages was not significantly affected by tariquidar or
high concentration of antibiotics, suggesting neither of
these agents substantially reduced macrophage viability
(Figures S4B and S4C).

We used flow cytometry to validate the efficacy of the
highest concentration of antibiotic (100 ug/ml) in the pres-
ence or absence of tariquidar. Our results showed that clar-

ithromycin and erythromycin were able to significantly
reduce the frequency of M. abscessus infection (Figures 4D
and 4F). Furthermore, all three antibiotics were able to
reduce the M. abscessus-GFP fluorescence intensity of in-
fected macrophages, suggesting the ability to inhibit the
intracellular growth of M. abscessus (Figures 4E and 4G).
These side-by-side comparisons also suggested that clari-
thromycin outperformed erythromycin and gentamicin
in the clearance and/or growth inhibition of intracellular
M. abscessus in human macrophages. Consistent with the
results of the high-throughput analysis, we found that tar-
iquidar did not improve the efficacy of these three antibi-
otics (Figure 4H). Collectively, these results demonstrate
the hPSC-macrophage model can be used to assess the abil-
ity of antibiotics to kill intracellular M. abscessus, and this
model could be readily adapted for high-throughput drug
testing and screening.

DISCUSSION

In this study, we describe a simple pluripotent stem cell-
based model for M. abscessus infection using hPSC-derived
macrophages, permitting studies of host cell immune re-
sponses and drug testing. In our differentiation protocol,
M-CSF was the only myeloid growth factor required to
induce functional macrophages from hPSCs (see experi-
mental procedures) (Figure 1). In distinction to previous

Figure 4. Analysis of M. abscessus antibiotic sensitivity

(A) Experimental setup of a 384-well plate format for a cross titration of the indicated antibiotics and the efflux inhibitor tariquidar
(T. dar). Concentrations of tariquidar are shown on the left-hand side, and concentrations of antibiotics are shown below. Four fields of
view per well were acquired for fluorescent imaging using high-speed confocal microscopy as indicated in the inset. A representative
confocal fluorescent image showing merged channels of GFP+ M. abscessus, tdTOMATO+ macrophages, and DAPI+ nuclei. Scale bar left:
100 pm, right: 50 pum.

(B) Heatmap representation indicating the average number of intracellular GFP+ M. abscessus per tdTOMATO+ macrophages in each well
under the conditions indicated. Concentrations of T. dar are shown on the left-hand side, and concentrations of antibiotics are shown
below.

(C) Heatmap representation indicating the average GFP intensity of each well under the conditions indicated in (B).

(D) Representative flow cytometry plots assessing the degree of M. abscessus infection in the presence of 100 ug/ml of the indicated
antibiotic. Cells shown in each plot were pre-gated for CD45 and CD14 double positivity.

(E) Representative histogram of GFP mean fluorescence intensity (MFI) of infected cultures treated with/without antibiotics at 100 ug/ml.
Cells shown in the histogram were pre-gated for CD45 and CD14 double positivity.

(F) Histogram summarizing quantitative analyses of antibiotic efficacy as determined by flow cytometry. Relative infection rate was
calculated as the frequency of infected cells in antibiotic-treated samples relative to the corresponding untreated control sample. Data
show the mean + SEM of replicates representing seven independent experiments (n = 7). Statistical analysis was calculated by a one-way
ANOVA test, P(clarithromycin) = 0.0003, P(erythromycin) = 0.0031, P(gentamicin) = 0.3917.

(G) Summary of GFP intensity of GFP+ M. abscessus-infected macrophages. Each colored data point and line represents a replicate of seven
independent experiments (n = 7). Statistical analysis was calculated by a one-way ANOVA test, P(clarithromycin) = 0.0006, P(erythro-
mycin) = 0.0012, P(gentamicin) = 0.0080.

(H) Histogram summarizing quantitative analyses of antibiotic sensitivity in combination with (closed circles) or without (open circles)
tariquidar, as determined by flow cytometry. Relative infection rate was calculated by normalizing the frequency of infected cells in
antibiotic-treated samples to their untreated control samples. Data show the mean + SEM of replicates of six independent experiments
(n = 6). Statistical analysis was calculated by a two-way ANOVA test.
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methods that often include multiple myeloid growth fac-
tors, such as interleukin (IL) 1, IL3, IL6, granulocyte-macro-
phage colony stimulating factor (GM-CSF), and tissue ne-
crosis factor (Lyadova et al., 2021), we found that using
M-CSF as the sole myeloid factor was sufficient to effi-
ciently induce functional macrophages from the endothe-
lial cell stage onward, and it maintained hPSC-macro-
phages over a prolonged period of in vitro culture
(Figure S2). An optimized version of the basal medium
free of albumin also enabled the derivation of endodermal
cell lineages from hPSCs and primary human tissue (Sun
et al., 2022), potentially facilitating co-culture studies.
Our streamlined differentiation protocol efficiently gener-
ated macrophages that resembled those created with
more complex methods (as reviewed in Lyadova et al.,
2021), forming a robust platform upon which to undertake
functional studies. This simplified cell culture condition
negated the need to include pro-inflammatory cytokines,
which may have advantages for dissecting downstream
infection-associated events.

Using this chemically defined system, we were able to
examine key aspects of M. abscessus intracellular infection,
an environmentally common non-TB species that is an
emerging pathogen in specific clinical settings. Our results
showed that M. abscessus robustly infected hPSC-macro-
phages through macrophage’s phagocytotic activity and
then stably resided in vacuoles in groups or as individual
cells (Figure 2D), consistent with previous findings from
animal models (Bernut et al., 2017). The macrophage phag-
osome represents an ideal intracellular habitat, providing a
physical barrier that may serve to protect mycobacterium
from extracellular antibiotics (Queval et al., 2017). Our sys-
tem enables intracellular infection, potentially allowing
future investigation of mycobacterial replication inside
host cells. Employing genetically engineered fluorescent
macrophages and mycobacteria enabled us to easily iden-
tify and quantify the mycobacterium present within in-
fected cells, creating a system that could be readily adapted
to high-throughput image-based phenotypic examination
of sensitivities for three antibiotics (Figure 4). Our proof-of-
concept experiments confirmed the superiority of clari-
thromycin for targeting intracellular M. abscessus in hu-
man macrophages compared with erythromycin and
gentamicin, laying the foundation for future large-scale
high-throughput screens and the quantitative comparison
of anti-mycobacterial chemical compounds. In addition,
the ability of our system to differentiate the potency of spe-
cific treatments suggests it could be used to optimize new
formulations of clinal antibiotic treatments and to study
the development of antibiotic resistance inside host cells.

Infected hPSC-macrophages showed dynamic host re-
sponses to M. abscessus infection, highlighting the poten-
tial of our model for studying pathogen-host interactions.
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In this regard, our observation of IL8 induction in response
to M. abscessus infection (Figures 3D and S3E) mirrors the
upregulation of this cytokine seen in genetically suscepti-
ble individuals, such as patients with cystic fibrosis (Johan-
sen et al., 2020; Lévéque et al., 2017; Khan et al., 1995). We
anticipate that our fluorescence-based screening system
would be also compatible with GFP-expressing Mtb and
complement previous platforms for tuberculosis drug dis-
covery (Han et al.,, 2019). In summary, our pluripotent
stem cell-based human model provides a flexible platform
for studying human macrophage biology and host-path-
ogen interactions.

EXPERIMENTAL PROCEDURES

Full details of experimental procedures are provided in supple-
mental information.

hPSC lines and macrophage differentiation

Work related to pluripotent stem cell lines was conducted in accor-
dance with RCH Human Research Ethics Committee 33001A. The
four human PSC lines used in this study have been described pre-
viously: ESC line H1 and the iPSC lines PB1 (PB001), PB4 (PB004),
PB5 (PB0O05), RM (RM3.5), AF1. Methods for hPSC culture and
macrophage differentiation in detail are provided in supplemental
information.

Generation of GFP-expressing Mycobacterium
abscessus

M. abscessus ATCC 19977 was obtained from the American Type
Culture Collection (In Vitro Technologies, L948). The GFP-express-
ing variant was generated using the pTEC-15 GFP-expressing
plasmid previously constructed by the Ramakrishnan Lab. Full de-
tails are included in the supplemental information.

Mycobacterium abscessus infection

Approximately 30,000-50,000 hPSC-derived macrophages were
plated to each well of a 96-well plate 1 day before infection. On
the day of infection, M. abscessus-GFP culture was harvested and
washed twice in PBS. Single cell suspensions were prepared and
counted in a hemocytometer to determine bacterial cell numbers.
hPSC-derived macrophages were inoculated with M. abscessus-GFP
at the MOI as indicated. For flow cytometry analysis of infected
macrophages, cells were enzymatically detached and stained
with conjugated anti-CD14-PE/Cy7 and anti-CD45-BV421 anti-
bodies. To avoid contamination in the flow cytometer by live
M. abscessus-GFP (ATCC, 19977), samples were fixed with 4% para-
formaldehyde solution in PBS prior to flow cytometry analysis.

High-throughput confocal imaging

TdTOMATO-expressing hPSC-derived macrophages were plated
into a 384-well plate at the density of 2,500 cells/well. Cells were
adherent to the plate surface overnight, which was followed by
inoculation of GFP-expressing M. abscessus at the MOI of 5
(0 dpi). On 1 dpi, antibiotics were added to the indicated wells at



the indicated concentrations, in the presence or absence of the
efflux inhibitor tariquidar. On 5 dpi, cultures were fixed with
3.7% paraformaldehyde and stained with DAPI (4’,6-diamidino-
2-pheylindole) for high-throughput confocal imaging analysis.
Cells were imaged using an automated spinning disc confocal mi-
croscope (CV8000, Yokogawa). Four fields of view (FOV) were ac-
quired for each condition, and a single maximum intensity projec-
tion (MIP) image from five Z planes with a 2-pm Z step (10-pm
range) was generated for each FOV. Individual images were
captured using a 20x air objective and 250-ms laser exposure
time. MIP images were used for downstream image analysis using
particle analysis detection protocol (CellPathfinder, Yokogawa).

Statistical analysis

Statistical analyses were performed in Prism (Graphpad, Version
8.0.2) by one-way ANOVA or two-way ANOVA tests. Analyses are
indicated in the figure legends. The data are reported as mean =
SEM or SD as indicated. Statistical significance was indicated in
the figure legends.

Data availability
RNA sequencing data are available in the GEO data repository with
the identification numbers GSE183865 and GSE207456.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.07.013.
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