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Significance

Mutations in the cystic fibrosis 
transmembrane conductance 
regulator gene (CFTR) cause CF, a 
disease characterized by aberrant 
lung function, dysregulated innate 
immunity, and susceptibility to 
infections. Combination drugs 
such as elexacaftor–tezacaftor–
ivacaftor (ETI) restore lung 
function in most people with CF 
(pwCF), but there is little evidence 
that they correct innate immune 
defense. We show that CFTR is 
required for the macrophage zinc 
toxicity antibacterial response and 
that manipulating zinc availability 
can restore bacterial killing in 
CFTR-defective macrophages. 
Significance lies in identification of 
a link between CFTR and the 
macrophage zinc toxicity 
response and of approaches that 
could be used to restore innate 
immune antimicrobial defense in 
pwCF. Our findings may lead to 
strategies to reduce infections in 
pwCF.
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IMMUNOLOGY AND INFLAMMATION

CFTR is required for zinc-mediated antibacterial defense 
in human macrophages
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Cystic fibrosis transmembrane conductance regulator (CFTR) is an anion transporter 
required for epithelial homeostasis in the lung and other organs, with CFTR mutations 
leading to the autosomal recessive genetic disease CF. Apart from excessive mucus 
accumulation and dysregulated inflammation in the airways, people with CF (pwCF) 
exhibit defective innate immune responses and are susceptible to bacterial respiratory 
pathogens such as Pseudomonas aeruginosa. Here, we investigated the role of CFTR in 
macrophage antimicrobial responses, including the zinc toxicity response that is used 
by these innate immune cells against intracellular bacteria. Using both pharmacolog-
ical approaches, as well as cells derived from pwCF, we show that CFTR is required 
for uptake and clearance of pathogenic Escherichia coli by CSF-1-derived primary 
human macrophages. CFTR was also required for E. coli-induced zinc accumulation 
and zinc vesicle formation in these cells, and E. coli residing in macrophages exhib-
ited reduced zinc stress in the absence of CFTR function. Accordingly, CFTR was 
essential for reducing the intramacrophage survival of a zinc-sensitive E. coli mutant 
compared to wild-type E. coli. Ectopic expression of the zinc transporter SLC30A1 
or treatment with exogenous zinc was sufficient to restore antimicrobial responses 
against E. coli in human macrophages. Zinc supplementation also restored bacterial 
killing in GM-CSF-derived primary human macrophages responding to P. aeruginosa, 
used as an in vitro macrophage model relevant to CF. Thus, restoration of the zinc 
toxicity response could be pursued as a therapeutic strategy to restore innate immune 
function and effective host defense in pwCF.

antimicrobial response | cystic fibrosis | CFTR | macrophages | zinc

Cystic fibrosis (CF) is an autosomal recessive disorder caused by mutations in the CF 
transmembrane conductance regulator gene (CFTR) (1). As many as 2,000 different 
mutations in CFTR have been reported, with approximately 150 of these known to cause 
disease (2). CFTR is a member of the ATP-binding cassette (ABC) family of proteins (3), 
functioning primarily as an apical anionic channel for chloride and bicarbonate ions (4). 
Mutations in CFTR can reduce the number of functional channels and/or interfere with 
the overall function of the protein, affecting the normal flow of chloride and bicarbonate 
ions and water into and out of cells (2). Currently, all known CFTR mutations are classified 
into six categories, according to the type of phenotypic manifestation (5). The most 
common CFTR mutation is the deletion of phenylalanine 508 (ΔF508), with this muta-
tion occurring in approximately 70% of people with CF (pwCF) (6, 7). The ΔF508 
mutation results in destabilized CFTR protein folding due to altered stability of the 
nucleotide-binding domain, leading to its proteasomal degradation and reduced cell sur-
face residence time (8).

CFTR is ubiquitously expressed, but its expression is particularly high in lung epithelial 
tissues (9). Although CF is primarily an airways disease disrupting normal lung function, 
it also manifests in other organs such as the pancreas and gastrointestinal tract (2). CFTR 
mutations result in mucus accumulation in the lungs, narrowing of the airway lumen, 
obstructive pulmonary disease, and bronchiectasis. This creates an environment conducive 
to inflammation and recurring infections caused by Pseudomonas aeruginosa, Staphylococcus 
aureus, and other pathogens. P. aeruginosa infections in pwCF are associated with a decline 
in lung function, exaggerated lung inflammation, and increased mortality (10, 11). 
Nontuberculous mycobacterium infections, especially those caused by Mycobacterium 
abscessus, are also common in CF, accounting for approximately 3 to 20% of infections 
in pwCF (12).

In addition to epithelial cells, CFTR is also expressed in immune cells, including 
tissue-resident macrophages, monocytes, neutrophils, and lymphocytes (13). Macrophages 
and neutrophils are key innate immune leukocytes that infiltrate compromised lungs of 
pwCF and contribute to CF pathology (14). Macrophages harboring mutations in CFTR D
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have a proinflammatory phenotype, as well as impaired host 
defense responses (15). High neutrophil elastase activity in bron-
choalveolar fluids of infants is associated with early bronchiectasis 
in children with CF (16), and neutrophil extracellular traps increase 
the viscosity of airway secretions, promoting biofilm formation 
(17). Macrophages from pwCF also exhibit defects that likely con-
tribute to disease manifestations. These include increased secretion 
of proinflammatory cytokines such as IL-1β, IL-6, and TNF (15, 
18, 19), as well as impaired antimicrobial responses such as phago-
cytosis (20) and phagolysosome acidification (21). Additionally, 
monocyte-derived macrophages from pwCF are defective in alter-
native activation/M2 polarization, with reduced surface expression 
of CD209 and IL-13Rα1 (22). Agents that restore CFTR function, 
such as ivacaftor and lumacaftor, can correct various defects in 
monocytes from pwCF, including dysregulated inflammatory 
responses (23) and impaired antimicrobial defense (24, 25). 
Despite the overall success of CFTR modulators in improving 
clinical outcomes, many pwCF, particularly those harboring a 
G551D mutation in CFTR, often report reemergence of symptoms 
after treatment cessation (26). Furthermore, the prevalence of 
multiantibiotic-resistant bacterial pathogens calls for the develop-
ment of new strategies to combat persistent infections in pwCF.

In addition to well-characterized antimicrobial responses, such 
as generation of reactive oxygen and nitrogen species, antimicrobial 
peptides, lysosomal acidification, and nutrient deprivation, metal 
ion toxicity has emerged as a key host defense pathway in mac-
rophages (27). Studies with copper- and zinc-sensitive mutants of 
various bacterial pathogens have highlighted the role of metal ion 
trafficking in direct antimicrobial targeting of intracellular patho-
gens. For example, human macrophages subject Mycobacterium 
tuberculosis to zinc-mediated toxicity (28), while a similar response 
is employed by neutrophils against Streptococcus pyogenes (29). 
Furthermore, some bacterial pathogens, such as Salmonella enterica 
serovar Typhimurium (S. Typhimurium) (30) and uropathogenic 
Escherichia coli (UPEC) (31), can evade macrophage-mediated zinc 
poisoning of intracellular bacteria. CFTR may be relevant to the 
innate immune zinc toxicity response since this ABC transporter 
is required for both chloride and bicarbonate anion transport, 
processes that are also linked to zinc trafficking. The SLC39A 
family of zinc importers deliver zinc into the cytoplasm from either 
the extracellular environment or luminal compartments within 
cells. These transporters are symporters that transport both metal 
ions and bicarbonate (32), the latter of which is also transported 
by CFTR (33). Conversely, the SLC30A family of zinc exporters 
that transport zinc from the cytoplasm to the extracellular space 
or luminal compartments in cells are thought to be antiporters 
that facilitate pH-driven zinc transport in exchange for H+ (34–
36), with phagosome acidification known to be defective in pwCF 
(37). Here, we investigate the role of CFTR in the macrophage 
zinc toxicity response, finding that this anion transporter is 
required for initiation of this antimicrobial response. Furthermore, 
we show that amplifying the zinc toxicity response in 
CFTR-inhibited macrophages enhances clearance of bacterial 
pathogens such as UPEC and P. aeruginosa. We thus establish 
boosting of metal ion toxicity as a potential means of overcoming 
defective host defense in pwCF.

Results

CFTR-inhibited Macrophages Are Defective in Phagocytosis and 
Killing of Intracellular E. coli. To begin to generate a molecular 
understanding of how CFTR contributes to host defense in 
macrophages, we assessed the effects of the small molecule CFTR 
inhibitor C172 (38) on macrophage responses to E. coli. Initial 

experiments assessed responses of primary human macrophages 
that had been differentiated from monocytes in the presence 
of C172 (to mimic the long-term defect that is apparent in 
CF). Consistent with a role for CFTR in endocytosis (22) and 
phagocytosis (39), C172 significantly reduced phagocytic uptake 
and/or acidification of fluorescently labeled E. coli by primary 
human macrophages (Fig. 1A). We next investigated this defect 
in phagocytosis using the UPEC ST131 reference strain EC958 
(40). Uptake of UPEC, as assessed by intracellular bacterial loads at 
20 min p.i. (Fig. 1B), was also significantly reduced. Consequently, 
intracellular bacterial loads were also reduced at 2 h and 8 h p.i. 
(SI Appendix, Fig. S1A). However, when quantifying intracellular 
UPEC survival relative to initial uptake, bacterial loads were 
substantially increased at 2 h and 8 h p.i. (Fig. 1 C and D). This is 
consistent with previous observations using P. aeruginosa (21, 41) 
and suggests that macrophage antimicrobial responses engaged after 
the initial uptake of bacteria require CFTR. To further examine 
this possibility and to avoid the complication of CFTR inhibition 
affecting phagocytosis, intramacrophage bacterial loads were next 
assessed when human monocyte-derived macrophages (HMDM) 
were first treated with C172 at 1 h p.i. with UPEC (Fig. 1E). In 
these experiments, intracellular bacterial loads were again increased, 
particularly at the later time point of 8 h p.i. (Fig.  1 F and G 
and SI  Appendix, Fig.  S1B), suggesting that CFTR contributes 
to antimicrobial responses in macrophages after bacterial uptake. 
We further validated these phenotypes using monocyte-derived 
macrophages from pwCF that harbor the ΔF508 mutation. 
Consistent with the CFTR inhibition data (Fig. 1 A–G), these 
macrophages were significantly impaired in both uptake and 
clearance of intracellular UPEC (Fig. 1 H and I and SI Appendix, 
Fig. S1C). CFTR deficiency thus compromises at least two aspects 
of antimicrobial defense, phagocytosis and direct killing of bacteria.

Macrophages employ several inducible antimicrobial responses 
to combat persistent intracellular infections, including nutrient 
starvation and metal ion toxicity (27). Of note, zinc toxicity has 
emerged as an important antimicrobial mechanism in mac-
rophages, with this pathway being subverted by both UPEC and 
Salmonella (30, 31, 42). In E. coli and other Gram-negative bac-
teria, the transporter ZntA effluxes zinc when zinc concentrations 
reach cytotoxic levels, thus conferring zinc resistance (43, 44). 
High levels of environmental zinc up-regulate the expression of 
this transporter in UPEC (Fig. 2A), with this effect being selective 
to zinc versus other metal ions (31). The expression of this trans-
porter is also elevated in E. coli within infected macrophages, 
consistent with engagement of the zinc toxicity response by these 
innate immune cells (31). Moreover, UPEC partly evades the 
macrophage zinc toxicity response, unlike the nonpathogenic E. 
coli K12 strain MG1655 (31). To investigate whether CFTR con-
tributes to macrophage-mediated zinc toxicity against E. coli, we 
assessed zntA expression in the otherwise susceptible E. coli strain 
MG1655. In CFTR-inhibited macrophages, zntA mRNA levels 
were significantly lower than in vehicle-treated control mac-
rophages (Fig. 2B), suggesting that the zinc toxicity response was 
impaired. A similar phenotype was apparent in macrophages from 
pwCF, where zntA mRNA levels of intramacrophage E. coli were 
lower than those in macrophages from healthy donors (HD) 
(Fig. 2C). Collectively, these data suggest that CFTR is required 
for optimal zinc trafficking in macrophages for deployment of the 
zinc toxicity response against intracellular bacteria.

CFTR Is Required for Bacteria-Inducible Zinc Accumulation in 
Human Macrophages. In response to TLR4 (Toll-like receptor 
4) signaling or bacterial infection, macrophages accumulate 
intracellular zinc and mobilize this metal ion into vesicular D

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.p

na
s.

or
g 

by
 "

IN
R

A
E

, I
N

ST
IT

U
T

 N
A

T
IO

N
A

L
 D

E
 L

A
 R

E
C

H
E

R
C

H
E

 P
O

U
R

 L
'A

G
R

IC
U

L
T

U
R

E
, L

'A
L

IM
E

N
T

A
T

IO
N

 E
T

" 
on

 F
eb

ru
ar

y 
21

, 2
02

4 
fr

om
 I

P 
ad

dr
es

s 
14

7.
10

0.
17

9.
23

3.

http://www.pnas.org/lookup/doi/10.1073/pnas.2315190121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315190121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315190121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2315190121#supplementary-materials


PNAS  2024  Vol. 121  No. 8  e2315190121� https://doi.org/10.1073/pnas.2315190121   3 of 11

structures that contain intracellular bacteria (31, 42). Since 
analysis of zntA expression in E. coli within macrophages 
implicated CFTR in the zinc toxicity response (Fig. 2), we next 

determined whether CFTR was required for E. coli-induced zinc 
accumulation in macrophages. Treatment with either bacterial 
lipopolysaccharide (LPS) or E. coli for 24 h increased levels of 
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Fig. 1. CFTR is required for uptake and clearance of intracellular E. coli by human macrophages. (A) HMDM were differentiated with CSF-1 ± 10 µM C172 or vehicle 
dimethyl sulfoxide (DMSO) for 6 d, after which phagocytosis assays were performed using pHrodo E. coli and flow cytometry. Representative flow cytometry 
plot (Left) and quantified flow cytometry data normalized to the baseline DMSO control in each experiment (Right) (n = 4). (B–D) HMDM were differentiated with 
CSF-1 ± 10 µM C172 or vehicle (DMSO) for 6 d, after which they were infected with EC958 (UPEC) (MOI 100) for the indicated time points. Intracellular bacterial 
loads were quantified using gentamicin exclusion assays. Data in B are normalized to the DMSO control for each experiment, and data in C and D are presented 
relative to uptake for the relevant treatment in B (n = 6). (E) Schematic representation of the infection assay protocol used in F and G. (F and G) HMDM were 
infected with UPEC (MOI 100) for 1 h after which C172 (10 µM) or vehicle (DMSO) was added to the cells for the indicated time points. Intracellular bacterial loads 
were quantified using gentamicin exclusion assays. Data are normalized to the DMSO control for each experiment (n = 7). (H and I) HMDM from healthy donors 
(HD) or pwCF (CF) were differentiated with CSF-1 for 6 d and then infected with UPEC (MOI 100) for the indicated time points. Intracellular bacterial loads were 
quantified using gentamicin exclusion assays. Data in H are normalized to the HD for each experiment, and data in I are presented relative to bacterial uptake 
in H (n = 4). Data (mean ± SEM) are combined from at least four independent experiments (each using different donors). Statistical significance was assessed 
by two-way ANOVA (A) followed by Sidak’s multiple comparison test or Wilcoxon test (B–D and F–I) (*P < 0.05).
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exchangeable zinc in macrophages, as detected by FluoZin-3 
staining (Fig. 3 A, Left and SI Appendix, Fig. S2 A and B), with 
this response being attenuated in CFTR-inhibited cells (Fig. 3 A, 
Right). Similarly, the E. coli-induced increase in FluoZin-3 staining 
did not occur in macrophages from pwCF (Fig. 3 B and C). To 
eliminate the possibility that the reduced intracellular zinc staining 
resulted from reduced uptake of bacteria (Fig. 1 A, B, and H), 
CFTR was inhibited pharmacologically with C172 after bacterial 
uptake. Even in this setting where intracellular bacterial loads were 
increased (Fig.  1 F and G), E. coli-induced zinc accumulation 
was significantly reduced (Fig. 3D). Total intracellular zinc levels 
were also quantified by ICP-OES (inductively coupled plasma 
optical emission spectroscopy) to provide a more direct measure 

of zinc accumulation. These experiments confirmed that infection 
with E. coli increased zinc levels within macrophages, with CFTR 
inhibition reducing this response (Fig. 3E).

Zinc trafficking is controlled by the SLC39A/ZIP family of zinc 
importers and the SLC30A/ZNT family of zinc exporters (45). TLR 
ligation and E. coli infection up-regulates SLC30A1 expression in 
human macrophages, with this transporter being functionally linked 
to zinc vesicle formation and the zinc toxicity response (42). For 
example, ectopic expression of SLC30A1 in human monocyte-like 
THP-1 cells was sufficient to generate zinc-containing vesicles in 
macrophages in the absence of TLR activation (42). We found that 
CFTR inhibition attenuated E. coli-inducible SLC30A1 mRNA 
expression in human macrophages (Fig. 3F). In contrast, there 
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Fig. 3. CFTR is required for zinc accumulation in human macrophages. (A) HMDM were differentiated with CSF-1 ± 10 µM C172 or vehicle (DMSO) for 6 d, after 
which they were either stimulated with LPS (20 ng/mL) or infected with E. coli (MOI 100) for 24 h. Relative intracellular zinc levels were determined by FluoZin-
3AM staining and flow cytometry (Left: DMSO control, Right: C172). Representative flow cytometry plots and quantified flow cytometry data normalized to the 
baseline control in each experiment are depicted (n = 4). (B) Monocytes from HD or pwCF (CF) were differentiated into HMDM with CSF-1 for 6 d, after which they 
were infected with E. coli (MOI 100) for 24 h. Relative intracellular zinc levels were determined by FluoZin-3AM staining and flow cytometry. Data are normalized 
to the HD control in each experiment (n = 5). (C) Monocytes from HD or pwCF (CF) were differentiated into HMDM with CSF-1 for 6 d, after which they were 
infected with E. coli-mCherry (MOI 100) for 24 h. Intracellular zinc-containing vesicles were visualized by immunofluorescence microscopy (FluoZin-3AM: green; 
E. coli-mCherry: white, DAPI: blue; scale bars: 10 µm), Left. The number of zinc-containing puncta per cell was quantified, Right (n = 4). (D) HMDM were infected 
with E. coli (MOI 100) for 1 h after which 10 µM C172 or vehicle (DMSO) was added to the cells for 24 h. Relative intracellular zinc levels were determined by 
FluoZin-3AM staining and flow cytometry. Data are normalized to the control in each experiment (n = 6). (E) HMDM were differentiated with CSF-1 ± 10 µM C172 
or vehicle (DMSO) for 6 d, after which they were infected with E. coli (MOI 100) for 24 h. Absolute intracellular zinc levels were determined by ICP-OES. Data 
are normalized to the DMSO control in each experiment (n = 5). (F and G) Total RNA was extracted from HMDM differentiated ± 10 µM C172 or vehicle (DMSO) 
for 6 d (n = 4) (F) or from matched HD and pwCF (CF) (n = 5) (G) after infection with E. coli (MOI 100) for the indicated time points. Expression levels of SLC30A1 
mRNA were assessed using qPCR. Data in F are normalized to the DMSO control for 24 h E. coli infection. Data (mean ± SEM) are combined from at least four 
independent experiments (each using different donors). Statistical significance was assessed using the nonparametric Kruskal–Wallis test (A), Friedman's test 
(D), or two-way ANOVA (B, C, and E–G) followed by Sidak’s multiple comparison test (ns, not significant; *P < 0.05; **P < 0.01; ****P < 0.0001).D
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was a clear trend toward elevated TNF mRNA levels (SI Appendix, 
Fig. S2C), consistent with the hyperinflammatory phenotype that 
is observed in pwCF (15, 18, 19). CFTR-dependent control of 
SLC30A1 mRNA expression was more evident when examining 
macrophages from pwCF. Here, we observed that SLC30A1 
mRNA expression was significantly reduced in macrophages from 
pwCF infected with E. coli for 8 h, compared to healthy donor 
macrophages (Fig. 3G). The coordinated actions of SLC39A and 
SLC30A zinc transporters are likely to enable zinc mobilization 
for antimicrobial responses in macrophages (45). The requirement 
for CFTR in inducible SLC30A1 mRNA expression is therefore 
consistent with impaired zinc accumulation in CFTR-inhibited 
macrophages.

CFTR Is Required for the Zinc Toxicity Response in Human 
Macrophages. Genetic deletion of zntA reduces the intracellular 
survival of E. coli within macrophages (31). If CFTR is required 
for zinc-mediated antimicrobial defense, the reduction in 
intramacrophage survival of ΔzntA E.  coli should not occur 
in the absence of a functional CFTR. Indeed, although C172 

impaired phagocytic uptake of both wild-type and ΔzntA E. coli 
as expected (Fig. 4A), C172 prevented the ~twofold reduction in 
intramacrophage survival of the ΔzntA E. coli at 8 h p.i. (Fig. 4B). 
In fact, there was a trend for increased intracellular loads of ΔzntA 
E.  coli, compared to wild-type E. coli, in C172-treated cells. 
Specifically, the recovery of ΔzntA E. coli compared to wild-type 
E. coli in DMSO vehicle-treated HMDM at 8 h p.i. was 61%, 
compared to 156% recovered in C172-treated HMDM (means of 
five experiments). Similar findings were apparent in macrophages 
from pwCF. In these cells, initial uptake of both bacterial strains 
was again impaired compared to macrophages from HD (Fig. 4C). 
Furthermore, the ~twofold reduction in intramacrophage survival 
of ΔzntA E.  coli that was observed in macrophages from HD 
did not occur in macrophages generated from pwCF (Fig. 4D). 
Here, the recovery of ΔzntA E.  coli compared to wild-type E. 
coli in macrophages from HD at 8 h p.i. was 43%, compared to 
96% in macrophages from pwCF (means of four experiments). 
Collectively, these data confirm that macrophages without a 
functional CFTR protein fail to deploy the zinc toxicity response 
against intracellular E. coli.
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Fig.  4. CFTR is required for the macrophage zinc toxicity response, with ectopic SLC30A1 expression or zinc supplementation restoring host defense in 
macrophages with defective CFTR function. (A and B) HMDM were differentiated with CSF-1 ± 10 µM C172 or vehicle (DMSO) for 6 d, after which they were 
infected with E. coli or E. coli ΔzntA (MOI 100) for the indicated time points. Intracellular bacterial loads were quantified using gentamicin exclusion assays and 
expressed as percentage bacteria retrieved (B), relative to initial uptake (A) (n = 5). (C and D) Monocytes from HD or pwCF (CF) were differentiated into HMDM 
with CSF-1 for 6 d, after which they were infected with E. coli or E. coli ΔzntA (MOI 100) for the indicated time points. Intracellular bacterial loads were quantified 
using gentamicin exclusion assays and expressed as percentage bacteria retrieved (D) with respect to uptake (C) (n = 4). (E and F) PMA-differentiated THP-1 cells 
stably transduced with lentivirus expressing either empty vector or SLC30A1_V5 were treated ± doxycycline (Dox) for 24 h and then assessed for SLC30A1-V5 
protein levels by anti-V5 immunoblots on cell lysates (E). Cells ± 24 h doxycycline treatment were infected with E. coli (MOI 100) for 8 h, after which intracellular 
bacterial loads were assessed using gentamicin exclusion assays (n = 5) (F). The immunoblots in E are representative of three independent experiments. (G and 
H) HMDM were differentiated with CSF-1 ± 10 µM C172 or vehicle (DMSO) for 6 d, after which they were treated with 200 µM of ZnSO4 for 1 h and then infected 
with E. coli (G) or UPEC (H) (MOI 100) for 8 h. Intracellular bacterial loads were quantified using gentamicin exclusion assays and expressed as percentage bacteria 
retrieved with respect to uptake (n = 5). Data are combined from at least four independent experiments (each using different donors) in A–D, G, and H or five 
independent experiments in F and are expressed as mean ± SEM. Statistical significance was assessed using two-way ANOVA followed by Tukey’s multiple 
comparison test (ns, not significant; *P < 0.05; **P < 0.01).D
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The Defective Zinc Toxicity Response in Macrophages from pwCF 
Can Be overcome by Genetic Manipulation of This Pathway or 
Zinc Supplementation. We next investigated the possibility that 
artificial amplification of the zinc toxicity response in CFTR-
inhibited macrophages might be able to overcome the defect 
in bacterial killing. We previously reported that doxycycline-
inducible ectopic expression of the zinc exporter SLC30A1 in 
THP-1 macrophages mobilizes zinc vesicles and enhances zinc 
toxicity against intracellular E. coli (42). Consistent with previous 
observations, ectopic expression of SLC30A1 in THP-1 cells using 
a doxycycline-inducible system (Fig.  4E) reduced intracellular 
loads of E. coli in these cells at 8 h p.i. (Fig. 4F) and 24 h p.i. 
(SI Appendix, Fig. S3A), whereas doxycycline did not affect bacterial 
loads in empty vector (EV) control cells at these time points. 
Interestingly, overexpressing SLC30A1 in CFTR-inhibited THP-
1 cells eliminated the defect in antimicrobial responses of these 
macrophages, with these cells having similar intracellular bacterial 
loads to those with a functional CFTR. Our previous work also 
showed that exogenous zinc treatment facilitated intramacrophage 
clearance of Salmonella, which normally evades this pathway (30).  
Given that SLC30A1 overexpression overcame the CFTR-mediated  
defect in the macrophage zinc toxicity response and that zinc 
supplementation of macrophages enhanced clearance of intracellular 
bacteria (30), we predicted that exogenous zinc treatment of 
macrophages might also overcome this defect. Here, we found 
that concentrations of zinc that did not inhibit the growth of 
either nonpathogenic E. coli or pathogenic EC958 (SI Appendix, 
Fig.  S3B) significantly improved the ability of CFTR-inhibited 
macrophages to reduce intracellular loads of both nonpathogenic 
and pathogenic E. coli (Fig. 4 G and H and SI Appendix, Fig. S3 
C and D). Collectively, these data demonstrate a requirement for 
CFTR in the macrophage zinc toxicity response and suggest that 
artificial enhancement of this pathway may overcome defective 
innate immune defense in pwCF.

CFTR Is Required for the Antimicrobial Zinc Response against  
P. aeruginosa in GM-CSF-Derived Macrophages. Having established  
a role for CFTR in the macrophage zinc toxicity response, we 
next assessed the potential clinical significance of this using 
an in  vitro model of lung infection. Alveolar macrophages are 
crucial in preserving lung function during pulmonary infections 
(46, 47). These resident tissue macrophages of the lung rely 
on GM-CSF for their development and function (48, 49). We 
therefore assessed the zinc toxicity response in GM-CSF-derived 
human macrophages responding to P. aeruginosa, a common and 
significant bacterial pathogen in pwCF (50). Consistent with 
our previous observations assessing E. coli uptake and killing 
by CSF-1-derived macrophages (Fig. 1 A–D), pharmacological 
inhibition of CFTR significantly impaired the ability of GM-
CSF-derived macrophages to take up P. aeruginosa (Fig. 5A and 
SI  Appendix, Fig.  S4A) and to subsequently kill this pathogen 
(Fig. 5 B and C and SI Appendix, Fig. S4A). Similarly, GM-CSF-
derived macrophages from pwCF were defective in P. aeruginosa 
uptake and killing (Fig. 5 D and E and SI Appendix, Fig. S4B). 
To uncouple the roles of CFTR in bacterial uptake versus the 
subsequent bacterial killing response, we next pharmacologically 
inhibited CFTR after initial P. aeruginosa uptake (Fig. 5F). In 
this setting, intracellular bacterial loads were elevated after CFTR 
inhibition, though some variability in macrophages from different 
donors was observed (Fig. 5 G–I and SI Appendix, Fig. S4C).

Effects of zinc on P. aeruginosa growth are complex. Zinc pro-
motes P. aeruginosa growth and biofilm formation (51), but higher 
concentrations are growth inhibitory (52). Zinc also inhibits 
signaling pathways associated with P. aeruginosa virulence (53). 

We therefore assessed the effects of zinc in macrophage responses 
against P. aeruginosa infection. Here, we observed a trend toward 
increased zinc accumulation in GM-CSF-derived macrophages 
from HD after P. aeruginosa infection (Fig. 5J), although the effect 
was not as pronounced as was observed after E. coli challenge  
in CSF-1-derived macrophages (Fig. 3 A and B). In contrast,  
P. aeruginosa did not increase the zinc content of GM-CSF-derived 
macrophages from pwCF, as assessed by FluoZin-3 staining 
(Fig. 5J). The combination drug cocktail elexacaftor–tezacaftor–
ivacaftor (ETI) corrects CFTR function and restores lung function 
in pwCF carrying the ΔF508 mutation (54). CFTR correction 
with ETI also reduces, but does not eliminate, infections caused 
by common bacterial pathogens such as P. aeruginosa in pwCF 
(55, 56). Here, we observed that ETI did not restore cellular zinc 
levels in GM-CSF-derived macrophages from pwCF after infec-
tion with P. aeruginosa (Fig. 5J). Similarly, ETI did not restore 
zinc vesicle formation in CSF-1-derived macrophages from pwCF, 
as assessed by FluoZin-3 staining and confocal microscopy 
(SI Appendix, Fig. S4E). Nonetheless, while exogenous zinc treat-
ment did not increase the capacity of macrophages from pwCF to 
take up bacteria (Fig. 5K), it did significantly reduce P. aeruginosa 
loads within macrophages from both HD and pwCF (Fig. 5L and 
SI Appendix, Fig. S4D). Collectively, these data show that CFTR 
is required for the macrophage zinc toxicity response and that zinc 
supplementation can overcome the defect in host defense that is 
apparent in macrophages from pwCF.

Discussion

CF pathology is usually considered to arise from defects in the 
epithelium of the airways. However, cell-intrinsic defects in 
innate immune cells, particularly monocyte-derived macrophages, 
are also thought to contribute to the pathogenesis of this condi-
tion. Macrophages from pwCF display dysregulated metabolic 
activity, characterized by the excessive secretion of proinflamma-
tory mediators that accelerate tissue damage, as well as impaired 
phagocytosis and attenuated antimicrobial ROS production (57). 
Novel strategies that correct macrophage dysfunctions in pwCF 
may therefore lead to new treatment options for these people. 
Direct poisoning of bacteria by zinc and other metal ions is used 
by macrophages as an antimicrobial response against several bac-
terial pathogens (28, 30, 31, 45, 58). In this study, we show that 
the macrophage zinc toxicity response against intracellular E. coli 
requires CFTR, as evidenced by defective zinc accumulation 
(Fig. 3 A, B, and E and SI Appendix, Fig. S2), zinc vesicle forma-
tion (Fig. 3C), zinc stress in intracellular E. coli (Fig. 2 B and C), 
inducible expression of the zinc exporter SLC30A1 that can pro-
mote the zinc toxicity response (42) (Fig. 3 F and G), and killing 
of a zinc-sensitive E. coli mutant (Fig. 4 A–D) in cells in which 
CFTR is either inhibited (C172) or inactive (pwCF). Interestingly, 
treatment with ETI did not restore intracellular zinc levels in 
GM-CSF-derived macrophages from pwCF (Fig. 5J) or zinc ves-
icle formation in CSF-1-derived macrophages from pwCF 
(SI Appendix, Fig. S4E). This suggests that CFTR-correcting 
drugs may not restore the defective macrophage zinc-mediated 
antimicrobial response in pwCF, a concept that clearly warrants 
further investigation. In contrast, either overexpression of the 
zinc transporter SLC30A1 that can promote intracellular zinc 
vesicle formation and the zinc toxicity response (42) (Fig. 4F) or 
treatment with exogenous zinc (Figs. 4 G and H and 5 K and L) 
reduced intracellular bacterial loads in CFTR-defective mac-
rophages. This implies that the requirement for CFTR in the zinc 
toxicity response can be overcome under these experimental 
conditions.D
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Clinical, epidemiological, and experimental studies have linked 
reduced zinc availability with the development and/or progression 
of several respiratory diseases, including chronic obstructive pul-
monary disease, idiopathic pulmonary fibrosis, COVID-19, and 
CF (59). This may reflect key roles for zinc in promoting host 
defense (60), dampening inflammation (60), and even in regulating 
tissue architecture in the lung. For example, rats placed on a 
zinc-deficient diet had reduced bronchial cilia length, with this 

defect being reversed by zinc supplementation (61). Dysregulated 
zinc levels in both adults and children with CF have been reported, 
with zinc generally being low in the blood and high in the sputum 
(62–65). It is possible that such effects are a consequence of the 
condition since systemic inflammatory responses trigger a decrease 
in circulating zinc levels (hypozincemia) (66) and since infection 
by respiratory pathogens can promote zinc accumulation in the 
lung (67). However, it is also possible that dysregulation in zinc 
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Fig.  5. CFTR contributes to the antimicrobial zinc response against P. aeruginosa in GM-CSF-derived macrophages. (A–C) HMDM were differentiated with 
GM-CSF ± 10 µM C172 or vehicle (DMSO) for 6 d, after which they were infected with P. aeruginosa (PA14) (MOI 5) for the indicated time points. Intracellular 
bacterial loads were quantified using gentamicin exclusion assays. Data in A are normalized to the DMSO control for each experiment, and data in B and C are 
presented relative to uptake for the relevant treatment in A (n = 6). (D and E) HMDM from HD or pwCF (CF) were differentiated with GM-CSF for 6 d, after which 
they were infected with PA14 (MOI 5) for the indicated time points. Intracellular bacterial loads were quantified using gentamicin exclusion assays. Data in D 
are normalized to the healthy donor (HD) control for each experiment, and data in E are presented relative to uptake for the relevant treatment in D (n = 5). 
(F) Schematic representation of the infection assay used in G–I. (G–I) GM-CSF-derived HMDM were infected with PA14 (MOI 5) for 1 h after which C172 (10 µM) 
was added to the cells for the indicated time points. Intracellular bacterial loads were quantified using gentamicin exclusion assays. Data are normalized to 
the DMSO control for each experiment (n = 5). (J) Monocytes from HD or pwCF (CF) were differentiated into HMDM with GM-CSF for 6 d. CF monocytes were 
also differentiated ± elexacaftor 3 µM/tezacaftor 18 µM/ivacaftor 1 µM (ETI). Cells were then infected with PA14 (MOI 5) for 24 h after which relative intracellular 
zinc levels were determined by FluoZin-3AM staining and flow cytometry. Data are normalized to the HD control for each experiment (n = 5). (K and L) GM-CSF-
derived HMDM from HD or pwCF (CF) were treated with 200 µM of ZnSO4 for 1 h prior to infection with PA14 (MOI 5) for 20 min or 24 h. Intracellular bacterial 
loads were quantified using gentamicin exclusion assays. Data in K are normalized to the healthy donor (HD) control for each experiment, and data in L are 
presented relative to uptake for the relevant treatment in K (n = 5). Data (mean ± SEM) are combined from at least four independent experiments (each using 
different donors). Statistical significance was assessed using the Wilcoxon test (A–C and G–I), Mann–Whitney test (D and E), or two-way ANOVA (J–L) followed by 
Tukey’s multiple comparison test (ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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levels in CF relates to an essential role for CFTR in zinc trafficking, 
a concept that is supported by observations made in the current 
study. Another group also showed that CFTR deficiency leads to 
the generation of a spliced isoform of the zinc importer ZIP2, 
resulting in zinc deficiency in airway epithelial cells and MUC5AC 
hypersecretion (68). Studies on the zinc exporter SLC30A1 are also 
suggestive of a role for CFTR on zinc trafficking. Ectopic expression 
of SLC30A1 in human THP-1 macrophage-like cells facilitated 
zinc vesicle formation, a zinc stress response in intracellular E. coli, 
and bacterial clearance from cells (42). That study revealed that 
SLC30A1, while primarily being localized to the plasma membrane 
of human macrophages, also marked compartments containing 
zinc-stressed bacteria. This suggests that SLC30A1 may directly 
deliver zinc to phagosomes containing internalized bacteria. 
SLC30A family members are thought to be antiporters that export 
zinc in exchange for protons (34, 35), so the acidified environment 
of the phagolysosome is likely to facilitate SLC30A1-mediated 
delivery of zinc into these compartments. This may be relevant to 
CF, where lysosomal acidification is impaired (37). Given the above 
model, defects in phagolysosome acidification would be predicted 
to interfere with the inducible zinc toxicity response in mac-
rophages, consistent with our findings here. Another interesting 
possibility comes from studies in Drosophila melanogaster, where it 
was discovered that chloride ions form part of zinc storage com-
plexes in granules within cells of the Malpighian tubule (69). If the 
same is true in macrophages, this may shed some light on how 
CFTR enables the antimicrobial zinc toxicity response to be gen-
erated. For example, chloride ion availability in the phagolysosome 
may be a critical determinant of engagement of this antimicrobial 
pathway. Another possibility is that defective zinc accumulation in 
macrophages from pwCF could dysregulate other immune-relevant 
metals. For example, zinc influences circulating levels of iron (70) 
and it has been shown that macrophages from pwCF are defective 
in iron sequestration (71). That study also showed that conditioned 
media from macrophages derived from pwCF supported 
Pseudomonas biofilm formation, with a defect in sequestration of 
extracellular iron proposed to contribute to this effect. Interestingly 
however, CFTR correctors restored iron accumulation in mac-
rophages from pwCF (71), which contrasts with our findings exam-
ining the effects of ETI on zinc accumulation in the current study. 
Whatever the precise mechanisms, the evidence above suggests that 
defects in CFTR perturb zinc trafficking and that this dysregulation 
may actively contribute to CF-associated pathology, such as mucus 
hypersecretion and defective host defense.

Apart from its antimicrobial functions, zinc is also an important 
regulator of inflammatory responses. Zinc deficiency exacerbates 
inflammatory responses, including in the airways (72). Consequently, 
oral zinc supplementation therapies have been trialed in CF, with 
variable results (73–75). While this regime reduced proinflamma-
tory IL-6 and IL-8 levels in the plasma of CF patients (74), another 
study reported no improvements in lung function or in reducing  
P. aeruginosa colonization in pediatric patients with CF (75). Oral 
administration of zinc can also have undesirable side effects on 
airway epithelial cells such as bronchial hyperresponsiveness, olfac-
tory loss, sensitization to common aeroallergens, and exacerbation 
of allergies (76–79), which might impair efficacy of chemical mod-
ulators in the treatment of CF. Thus, zinc supplementation for 
restoration of antimicrobial defense in CF, while effective in reduc-
ing intracellular bacterial loads in CFTR-defective macrophages 
in vitro (Figs. 4 G and H and 5 K and L), may have limitations as 
a therapeutic approach in pwCF. Zinc ionophores, such as PBT2 
that synergizes with antibiotics to combat both Gram-positive and 
Gram-negative bacterial infections (80, 81), might be considered 
as one approach to selectively boost zinc-mediated host defense in 

this setting. Enhancement of molecular pathways that engage the 
zinc toxicity response, for example amplifying SLC30A1 expression 
and/or function, may be another.

Several clinically approved drugs can correct the defective anionic 
conductance of the CFTR channel, with this transforming the lives 
of many pwCF (82–84). The ETI combination therapy is perhaps 
the most successful drug to date for treating CF, with clinical studies 
confirming its efficacy in pwCF carrying the ΔF508 mutation  
(83, 85). While clinical studies using ETI report decreased sputum 
density of Pseudomonas and Staphylococcus, along with reduced 
inflammatory markers in the lung (86, 87), other studies reported 
that this combinational treatment was ineffective (88, 89). 
Macrophages from pwCF treated with ETI exhibited enhanced 
CFTR expression and localization in addition to increased phago-
cytic uptake and killing of ingested bacteria and efferocytosis of 
apoptotic neutrophils (90). However, some other key macrophage 
functions affected by CFTR mutations were largely unaffected by 
ETI treatment (90). It should be noted that this lack of efficacy is 
mainly associated with pwCF harboring the G551D mutation, 
which accounts for ~3% of the total population of pwCF (91). 
However, macrophages derived from pwCF used in this study had 
at least one ΔF508 mutation. It would be interesting to see whether 
the beneficial effects of zinc observed in our studies extend to pwCF 
carrying non- ΔF508 mutations. Future studies should also address 
how severe the effects of different CFTR mutations are on the 
macrophage zinc toxicity response, including in the context of cells 
from pwCF who are heterozygous for the ΔF508 mutation. Cells 
derived from pwCF in the current study were mainly homozygous 
for ΔF508 (SI Appendix, Table S1), so this was not addressed here.

In summary, in this study, we reveal an unexpected link between 
CFTR and zinc-mediated antimicrobial defense in macrophages. 
The findings reported here are significant for two key reasons. First, 
the precise molecular mechanisms underpinning the macrophage 
zinc toxicity pathway are not well understood. The identification 
of a requirement for CFTR in engaging this response now provides 
broad avenues to better understand this pathway, for example, the 
role of chloride ion transport and/or H+ exchange. Second, defects 
in the macrophage zinc toxicity response may contribute to com-
promised host defense and susceptibility to bacterial infections that 
are characteristic of CF. Strategies aimed at restoring the zinc tox-
icity pathway in macrophages may complement ETI and similar 
therapies that restore CFTR function in the majority of pwCF, but 
that do not completely overcome CF-related pathology.

Materials and Methods

Ethics Statement. Human peripheral blood was collected from HD and pwCF 
following informed consent, after which mononuclear cells were isolated. 
Monocytes from pwCF were either homozygous (12 out of 18) or heterozygous 
(6 out of 18) for the ΔF508 mutation (SI Appendix, Table S1). All experiments 
that used these cells were approved by The University of Queensland Institutional 
Human Research Ethics Committee (2013/HE001519, 2022/HE002118, and 
2020001275/HREC/20/QCHQ/64229).

Chemicals and Reagents. The CFTR inhibitor 4-[[4-oxo-2-thioxo-3-[3-(triflu
oromethyl)phenyl]-5-thiazolidinylidene]methyl]-benzoic acid (C172, Cayman 
Chemical) was dissolved in DMSO and used at a final concentration of 10 µM 
(22). The TLR4 agonist LPS from S. enterica serotype Minnesota was purchased 
from Sigma-Aldrich (Cat – L2137) and dissolved in RPMI media (Gibco). The con-
centrations used for the three drugs that constitute Trikafta were elexacaftor 3 µM, 
tezacaftor 18 µM, and ivacaftor 1 µM (ETI) (92).

Bacterial Culture. Bacterial strains were cultured at 37 °C on solid or liquid 
Luria-Bertani (LB) medium. Nonpathogenic E. coli K12 strain MG1655 (93), a 
zinc-sensitive zntA mutant of MG1655 (31), MG1655_mCherry that constitu-
tively expresses mCherry (94), a representative strain of the globally disseminated D
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multidrug-resistant ST131 clone isolated from the urine of a patient with a uri-
nary tract infection (EC958) (40, 95), and a clinically relevant reference strain 
of P. aeruginosa (PA14) (96), were used in this study. Overnight cultures of E. 
coli MG1655 and PA14 were grown under shaking conditions, while EC958 cul-
tures were grown statically to induce type I fimbriae production, as previously 
described (95). Before infection, bacteria were washed twice and resuspended 
in macrophage infection medium (described below). Optical density at 600 nm 
(OD600) was measured, and bacterial suspensions were diluted to OD600 = 0.6, 
which corresponds to ~109 cfu/mL for E. coli and P. aeruginosa. Bacterial growth ± 
zinc sulfate (Sigma-Aldrich) was assessed by monitoring OD600 using a POLARstar 
Omega plate reader (BMG Labtech) at 30-min intervals.

Mammalian Cell Culture. CD14+ human monocytes derived from either HD or 
pwCF were purified from buffy coats provided by the Australian Red Cross Blood 
Service or from pwCF, respectively. HMDM were generated by culturing mono-
cytes for 7 d in Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco) containing 
10% fetal calf serum (FCS, Gibco), 50 U/mL penicillin (Life Technologies), 50 µg/mL  
streptomycin (Life Technologies), 2 mM L-glutamine and either recombinant 
human CSF-1 (150 ng/mL) (The University of Queensland Protein Expression 
Facility) or recombinant human GM-CSF (50 ng/mL) (Miltenyi Biotec). Where 
indicated, the CFTR inhibitor C172 (Cayman Chemical) was added daily to dif-
ferentiating monocytes to mimic chronic CFTR deficiency, as occurs in CF. For 
experiments involving CFTR correctors/potentiators, ETI was added to monocytes 
on days 0, 3, and 7 of differentiation. ETI was also added to the cell culture media 
for the duration of the infection assays. The doxycycline-inducible system for 
expression of the zinc transporter SLC30A1 with a C-terminal V5 epitope tag in 
THP-1 cells has been described (42). THP-1 cells lentivirally transduced with either 
empty vector (EV) or SLC30A1-V5 were cultured in RPMI-1640 media (Gibco) 
supplemented with 10% FCS (Gibco), 50 U/mL penicillin (Life Technologies),  
50 µg/mL streptomycin (Life Technologies), 2 mM GlutaMax (Life Technologies), 
1% 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES, Thermo Fischer 
Scientific), and 1% sodium pyruvate (Gibco). Cells were differentiated using phor-
bol 12-myristate 13-acetate (PMA) (30 ng/mL) (Sigma-Aldrich) for 48 h ± C172. 
SLC30A1-V5 protein expression was induced by treating cells with 100 ng/mL 
doxycycline (Cat – D9891, Sigma-Aldrich) for 24 h, as described below. For all 
infection assays (see below), cells were cultured in IMDM supplemented with 
10% FCS. All cells were cultured at 37 °C and 5% CO2, unless otherwise indicated.

Quantification of Phagocytic Uptake of Bacteria. Phagocytic uptake of bacte-
ria was assessed using pHrodo Green E. coli bioparticles (Thermo Fisher Scientific), 
as previously described (94). Briefly, primary macrophages (5 × 105 cells) were 
treated with 100 µg of pHrodo bacterial particles for 1 h, after which bacterial 
uptake was assessed by flow cytometry (Cytoflex, Beckman Coulter). Alternatively, 
primary macrophages were spinfected with E. coli MG1655, EC958, or PA14 for 
5 min at 500 g at 35 °C, using a multiplicity of infection (MOI) of 100 (for E. coli) 
or 5 (PA14). The cells were then rested for 5 min before removing extracellular 
bacteria with gentamicin (200 µg/mL) (Thermo Fisher Scientific). Bacterial uptake 
at 20 min post-infection (p.i.) was assessed by counting colony forming units 
(CFU), as described below.

In Vitro Infection Assays. In vitro bacterial infections of primary macrophages 
and cell lines were carried out as previously described (97). Briefly, 1 to 4 × 
105 cells were seeded overnight in antibiotic-free IMDM media. An MOI of 100 
was used for both E. coli MG1655 and EC958, whereas P. aeruginosa infections 
were carried out using MOI of 5. At 1 h p.i., cells were washed and maintained 
in medium containing 200 µg/mL gentamicin to exclude any extracellular bac-
teria for 1 h, after which cells were washed with media again and maintained in 
medium containing 20 µg/mL gentamicin (Thermo Fisher Scientific). At appro-
priate time points, cells were washed twice with phosphate buffered saline (PBS) 
before being lysed in PBS containing 0.01% Triton X100. Diluted lysates were 
plated onto LB agar and incubated overnight at 37 °C. Numbers of colonies were 
counted to determine intracellular CFU. At all time points where the media were 
replaced during infection assays, 10 µM C172 or 200 µM ZnSO4 was readded to 
the media for relevant treatment groups.

Gene Expression Analyses. Total RNA (bacterial and human) was extracted 
using RNA purification kits (Qiagen), as per the manufacturer’s instructions. 
Genomic DNA was removed using an on-column DNAse digestion (Qiagen). RNA 

was reverse transcribed to cDNA using Superscript III (Invitrogen) and oligo dT (for 
mammalian targets) or random hexamers (for bacterial genes). Levels of specific 
mRNAs were quantified by qPCR using SyBR Green-PCR mix (Invitrogen) in the 
Applied Biosystems Viia 7 RT-PCR system. Appropriate negative controls with no 
Superscript III were included for all experiments. Data were expressed relative to 
the housekeeping gene hypoxanthine phosphoribosyltransferase (HPRT, human) 
or gapA (E. coli housekeeping gene) using the ΔCt method (98). Primers used 
for RT-qPCR are listed in SI Appendix, Table S2.

Estimation of Total Cellular Zinc Levels By Flow Cytometry. The zinc content 
of human macrophages post-LPS stimulation or bacterial infection was indirectly 
assessed using staining with 5 µM FluoZin-3AM (Thermo Fisher Scientific), as 
previously described (30). Briefly, primary macrophages (2 × 105 cells) were 
either treated with LPS (20 ng/mL) or infected with indicated bacterial species 
for 24 h, as described above. Post-treatment, cells were washed with PBS and 
stained for 30 min with FluoZin-3AM. The cells were washed again with PBS 
and then harvested in ice-cold PBS containing 0.1% sodium azide and 25 mM 
ethylenediamine tetraacetic acid (EDTA). Flow cytometric analysis was performed 
using a CytoFLEX flow cytometer (Beckman).

Quantification of Total Cellular Zinc Levels by ICP-OES. The zinc content of 
human macrophages was directly measured by ICP-OES, as previously described 
(31). Briefly, 5 × 106 HMDM were infected with MG1655 (MOI 100) for 24 h, as 
described above. At 24 h p.i., cells were washed twice with Hanks’ balanced salt 
solution, lysed in 5 mL of lysis solution (0.1% sodium dodecyl sulfate in MilliQ 
water), and placed into preweighed 10-mL plastic tubes (School of Earth and 
Environmental Sciences, The University of Queensland, Australia). Triple distilled 
HNO3 was then added to acidify the sample to 2%. The sample was then made up to 
a total volume of 10 mL with MilliQ water. Samples were analyzed using an Optima 
8300 DV ICPOES spectrometer (Perkin Elmer, USA). Freshly prepared calibration 
standards were used to estimate intramacrophage zinc concentrations (with two or 
three spectral lines measured as a quality control). The overall concentration of zinc 
within a macrophage was approximated based on the zinc concentration within 
1 million macrophages lysed in 1 mL of lysis buffer (as determined by ICP-OES).

Confocal Microscopy and Zinc Vesicle Quantification. Cells (2 × 105) were 
plated on coverslips in a 24-well plate in complete IMDM media and left to 
adhere overnight. Cells were infected using fluorescent E. coli MG1655_mCherry 
as described in figure legends before being washed twice with PBS and fixed 
with 4% PFA (Sigma-Aldrich) for 20 min. Cells were washed 3 times with PBS 
before being stained for intracellular zinc with 5 µM FluoZin-3AM and nuclear 
DNA with 1 µg/mL DAPI (Life Technologies). Coverslips were washed 3 times with 
PBS before being mounted on slides using IMBiol mounting media, and slides 
were viewed using a Zeiss Axiovert 200 Upright Microscope stand with LSM 710 
Meta Confocal Scanner and spectral detection with 63× magnification (Zeiss). 
Images were processed with FIJI (ImageJ), and Zinc puncta were quantified by 
counting FluoZin-3AM maxima per cell (minimum 50 cells per condition) using 
the "Find maxima" function.

Immunoblotting. Whole cell lysates were prepared in radioimmunoprecipitation 
assay (RIPA) buffer, containing a cocktail of 1× protease inhibitors (Roche) and 
1× PhosSTOP phosphatase inhibitors (Sigma-Aldrich). Immunoblotting was per-
formed by electrophoresing equal amounts of protein through precast BOLT gels 
(Invitrogen), followed by turbo transfer onto nitrocellulose membranes at 25V for 
9 min (Bio-Rad). Membranes were blocked using 5% bovine serum albumin (BSA) 
diluted in Tris-buffered saline containing 0.05% Tween 20 followed by probing with 
either anti-V5 (CAT: MCA1360, Bio-Rad) or rhodamine-conjugated anti-Tubulin 
(CAT: 12004165, Bio-Rad). Proteins were visualized using Clarity ECL (Bio-Rad) or 
through detection of fluorescent antibodies using a Chemidoc (Bio-Rad).

Statistical Analyses. Where statistical analyses were performed, data were com-
bined from three or more independent experiments, with each experiment (n) 
designated by a different symbol. In the case of experiments on primary human 
macrophages, each experiment used cells from different donors and is repre-
sented by a different symbol. Statistical analyses were performed using Prism 9 
software (Graph-Pad), with data combined from at least three independent exper-
iments (taking averages from replicates within each experiment) and error bars 
indicating the SEM. Statistical analyses that used nonparametric tests included the 
Mann–Whitney t test (unpaired), Wilcoxon t test (paired), Kruskal–Wallis test and D
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Friedman’s test. For experiments analyzing matched samples or data, repeated-
measures ANOVA was performed. For datasets with two or more variables, a two-
way ANOVA was performed followed by Tukey’s or Sidak’s multiple comparison 
test. Statistical tests used for individual experiments are described in the figure 
legends. Differences with confidence values of 95% (P < 0.05) were considered 
statistically significant.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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