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Mycobacterium tuberculosis hijacks host TRIM21-
and NCOA4-dependent ferritinophagy to enhance
intracellular growth
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directed therapy against tuberculosis.

Introduction

A variety of mechanisms have evolved in mammalian cells to
control intracellular pathogens. For example, preventing intra-
cellular pathogens from accessing iron, an essential nutrient
for both host and pathogen, by iron-chelating proteins, such as
ferritin and lactoferrin, is an important host defense strategy (1,
2). Ferritin, which comprises 24 polypeptide subunits of the fer-
ritin heavy (FTH1) and light chains (FTL), is the central regula-
tor of iron homeostasis in macrophages. Previous studies have
demonstrated that deficiency of the FTHI gene in bone marrow
or myeloid cells significantly increases susceptibility to infection
by pathogens, including Mycobacterium tuberculosis (Mtb) (3, 4)
and Salmonella typhimurium (5).

Conflict of interest: The authors have declared that no conflict of interest exists.
Copyright: © 2023, Dai et al. This is an open access article published under the terms
of the Creative Commons Attribution 4.0 International License.

Submitted: March 7, 2022; Accepted: February 28, 2023; Published: April 17, 2023.
Reference information: / Clin Invest. 2023;133(8):e159941.
https://doi.org/10.1172/)C1159941.

Ferritin, a key regulator of iron homeostasis in macrophages, has been reported to confer host defenses against
Mycobacterium tuberculosis (Mtb) infection. Nuclear receptor coactivator 4 (NCOA4) was recently identified as a cargo
receptor in ferritin degradation. Here, we show that Mtb infection enhanced NCOA4-mediated ferritin degradation in
macrophages, which in turn increased the bioavailability of iron to intracellular Mtb and therefore promoted bacterial growth.
Of clinical relevance, the upregulation of FTH1in macrophages was associated with tuberculosis (TB) disease progression in
humans. Mechanistically, Mtb infection enhanced NCOA4-mediated ferritin degradation through p38/AKT1- and TRIM21-
mediated proteasomal degradation of HERC2, an E3 ligase of NCOAA4. Finally, we confirmed that NCOA4 deficiency in myeloid
cells expedites the clearance of Mtb infection in a murine model. Together, our findings revealed a strategy by which Mtb
hijacks host ferritin metabolism for its own intracellular survival. Therefore, this represents a potential target for host-

Besides sequesteringiron, ferritin supplies iron to the host and
pathogen via ferritin degradation (6, 7). Thus, ferritin metabolism
could benefit pathogens, due to its role in the release of iron. Con-
sistent with this, recent studies have revealed that pathogens can
hijack host ferritin-stored iron via ferritinophagy for their survival
and growth (7, 8). In addition, a high abundance of FTH1 and FTL
is found in the cellular rim of tuberculosis (TB) cavitary granu-
lomas (9). Furthermore, ferritin was shown to be upregulated in
alveolar macrophages but not in interstitial macrophages, corre-
sponding with high and low intracellular Mtb growth, respective-
ly (10). In line with these findings, we found that the ferritin level
in serum was positively correlated with the severity of lung dam-
age and bacillary load in patients with TB (11). Together, these
findings suggest that increased ferritin could benefit Mtb surviv-
al. However, whether and how host ferritin facilitates Mtb growth
remains to be elucidated.

In the present study, we sought to determine the effects of fer-
ritin on intracellular Mtb replication, depending on the availabil-
ity of free iron. We observed that Mtb induces nuclear receptor
coactivator 4-mediated (NCOA4-mediated) ferritin degradation
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for enhanced iron bioavailability and bacterial growth. Further, we
found that ferritinophagy in macrophages is involved in human TB
disease progression and revealed mechanisms and signaling path-
ways underlying the hijacking of host ferritin metabolism by Mtb
for its replication. Finally, we used an in vivo mouse model with
NCOA4-deficient myeloid cells to investigate their role in resis-
tance to Mtb infection. Our study thus identifies the exploitation of
host ferritin metabolism as an Mtb strategy for intracellular growth.

Results

Detrimental and beneficial roles of ferritin in intracellular Mtb growth
are dependent on iron availability. Two recent studies have found
that FTHI deficiency in bone marrow or myeloid cells results in
significantly increased susceptibility to TB in mice (3, 4); howev-
er, we and others found increased serum levels of ferritin in TB
patients (11, 12). While increased serum levels of ferritin could be
a consequence of Mtb infection, an alternative possibility is that
ferritin supports Mtb replication, as suggested by studies of other
infection models (7, 8). Consistent with this notion, in the present
study both FTHI and FTL mRNA levels in peripheral blood mono-
nuclear cells (PBMCs) were significantly higher in patients with
pulmonary TB than in healthy controls and non-TB pneumonia
patients (Figure 1A). Upon infection with Mtb, THP-1 macrophages
rapidly upregulated ferritin expression in a time- and dose-depen-
dent manner before increased intracellular Mtb growth (Figure 1,
B-D). To further determine the relationship between the expres-
sion of host ferritin and intracellular Mtb survival, we compared
the expression of ferritin in sorted macrophage populations that
harbored live or dead Mtb versus those without bacteria (uninfect-
ed), as previously described (13). Macrophages without Mtb expo-
sure were used as a negative control (unexposed) (Figure 1E). In
line with the clinical findings outlined above, FTH1 and FTL were
significantly increased at both mRNA and protein levels in macro-
phages harboring live Mtb compared with those harboring dead
Mtb or uninfected or unexposed macrophages (Figure 1, F and G).
Together, these findings demonstrated that increased ferritin in
macrophages correlated with intracellular survival of Mtb.

To further determine whether there is a causal relationship
between increased ferritin expression and Mtb growth within mac-
rophages, we used small interfering RNA (siRNA) to knock down
the expression of FTH1 and FTL and evaluated the effect on intra-
cellular Mtb growth. The efficacy of knockdown was confirmed by
immunoblotting (Figure 1H). There was a compensatory increase
in the expression of FTL in FTH1-knockdown macrophages com-
pared with controls (Supplemental Figure 1A; supplemental mate-
rial available online with this article; https://doi.org/10.1172/
JCI159941DS1) (5). In agreement with others (4), we observed that
FTH1 knockdown significantly increased the growth of intracellu-
lar Mtb, while silencing FTL did not affect Mtb growth in macro-
phages (Figure 1I and Supplemental Figure 1B). Therefore, for the
remainder of the study, we focused on FTH1 to investigate the role
of ferritin in controlling bacterial growth.

As iron is vital for Mtb replication in macrophages (14), we
further explored the impact of free iron concentration on the role
of ferritin in regulating intracellular Mtb growth. To this end, we
either chelated iron using deferoxamine (DFO) or supplied iron
in the form of ferrous lactate. As expected, the availability of iron
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promoted bacterial growth, whereas limiting the availability of
iron inhibited it (Figure 1I). Notably, the role of FTH1 in restricting
intracellular Mtb growth was abrogated by treatment with either
DFO or ferrous lactate (Figure 1, I and J]). Moreover, the with-
drawal of iron from macrophages pretreated with ferrous lactate
reversed the supportive effect of FTH1 deficiency on intracellular
Mtb growth (Figure 1J). Thus, our data indicate that ferritin is det-
rimental or beneficial for intracellular Mtb growth depending on
the availability of iron.

NCOA4-mediated ferritin degradation facilitates intracellu-
lar Mtb growth. Our finding that ferritin facilitated intracellular
Mtb growth in macrophages cultured in iron-depleted medium
prompted us to investigate whether and how Mtb hijacks ferritin
metabolism for its growth. To this end, we monitored temporal
changes in FTH1 and FTL levels in macrophages following the
addition of iron in the presence or absence of Mtb. While induc-
tion and degradation of FTH1 and FTL were largely driven by
the presence of iron, Mtb infection accelerated ferritin turnover
induced by iron (Figure 2A). Accelerated FTH1 and FTL degrada-
tion were also confirmed in ferritin-preloaded macrophages (Sup-
plemental Figure 2A). Ferritin degradation results in iron release,
a process known as ferritinophagy (15, 16), through which NCOA4
functions as a selective autophagic receptor for the uptake and
trafficking of ferritin into lysosomes (15, 17). Consequently, we
examined NCOA4-mediated ferritinophagy in Mtb-infected mac-
rophages. We observed that the levels of NCOA4 were upregu-
lated in a time- and dose-dependent manner upon Mtb infection
(Figure 2, B and C). NCOA4 was found to interact directly with
FTH1 in Mtb-infected macrophages (Figure 2D and Supplemen-
tal Figure 2B), while the knockdown of NCOA4 prevented ferri-
tin degradation (Figure 2E) without affecting cell death of Mtb-
infected macrophages (Supplemental Figure 2C). Immunofluores-
cence staining revealed that the expression of both NCOA4 and
FTH1 was enhanced following Mtb infection and that NCOA4 and
FTH1 colocalized within lysosomes (Figure 2F and Supplemental
Figure 2, D and E). Inhibition of autophagy by silencing of ATG5
or intervening with autophagosome-lysosome fusion and acidifi-
cation using chloroquine and bafilomycin Al resulted in ferritin
accumulation (Figure 2, G and H, and Supplemental Figure 2F).
Together, these results indicate that Mtb infection accelerates fer-
ritin degradation via enhancing NCOA4-mediated ferritinophagy.

We next sought to determine whether enhanced ferritinophagy
facilitates intracellular Mtb growth by increasing iron availability. To
this end, we used Calcein-AM, an iron-specific fluorescent dye, to
measure the level of intracellular free iron, as previously described
(Supplemental Figure 2G) (18-20). As expected, intracellular free
iron was significantly decreased in Mtb-infected NCOA4-knock-
down macrophages in the presence of 10 or 25 uM DFO (Figure 21).
We validated the reduced intracellular free iron in Mtb-infected
NCOA4-knockdown macrophages using another free iron-specific
fluorescent dye, FeRhoNox (Supplemental Figure 2H) (21, 22). In
concordance with the decrease in intracellular free iron, Mtb iso-
lated from NCOA4-knockdown macrophages exhibited increased
calcein fluorescence, indicating decreased iron acquisition by Mtb
(Figure 2J). Accordingly, intracellular Mtb growth was significant-
ly suppressed in NCOA4-knockdown macrophages (Figure 2K and
Supplemental Figure 2I), while there was no significant difference
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Figure 1. Expression of ferritin is associated with Mtb growth in macrophages. (A) Quantitative reverse transcriptase PCR (RT-gPCR) analysis of FTHT and
FTL mRNA abundance in PBMCs from healthy controls (HC, n = 35), TB patients (TB, n = 30), and non-TB pneumonia patients (PN, n = 25). (B) RT-gPCR
analysis of FTH7 and FTL at different time points (2, 6, 12, and 24 hours) in THP-1-derived macrophages infected or not infected with H37Rv (MOI = 3). (C and
D) Immunoblot analysis of FTH1 and FTL at different time points (0, 6, 12, and 24 hours) in THP-1-derived macrophages after infection with the indicat-

ed MOI (0, 1, 3, or 10). (E-G) THP-1-derived macrophages were infected for 72 hours with Mtb strain H37Ra carrying a dual-color reporter that comprises a
constitutively green (Emerald) and a tetracycline-inducible red (TagRFP) fluorescent protein. Tetracycline (500 ng/mL) was added 24 hours before analysis
of the live or dead status of the H37Ra strain in macrophages by flow cytometry (E). (F and G) RT-gPCR analysis (F) and immunoblot analysis (G) of FTH1 and
FTL in negative control, uninfected, and harboring live or dead H37Ra macrophages. (H) Immunoblot analysis of FTH1in FTH1-knockdown THP-1-derived
macrophages. (1) Intracellular H37Rv CFU levels in FTH1-knockdown THP-1-derived macrophages treated with ferrous lactate (20 uM), DFO (25 pM), or vehi-
cle. (J) THP-1-derived macrophages with FTH1 knockdown were pretreated with ferrous lactate (20 uM) for 24 hours. Then CFUs of intracellular H37Rv were
assessed in the presence of DFO (25 uM) or vehicle. Data in F-] are representative of 2 or 3 independent experiments. Data are presented as means + SD;

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 1-way ANOVA with Tukey's post hoc test (A and F) or Student’s 2-tailed unpaired t test (I and J).

in macrophages with double NCOA4 and FTH1 knockdown (Sup-
plemental Figure 2]). Taken together, these findings indicate that
NCOA4-mediated ferritinophagy is essential for intracellular Mtb
growth by increasing the iron accessible to these bacteria.

Reduced FTHI in macrophages is associated with the progression of
human TB. To investigate the clinical relevance of increased ferriti-
nophagy in human TB, we first examined ferritinophagy in normal
and tuberculous lung tissues. Both NCOA4 and FTH1 were highly
expressed in cells with morphologic characteristics of macrophages
surrounding tuberculous granulomas in human lungs (Figure 3A).
In addition, high levels of FTH1 and NCOA4 were observed in
macrophages colocalized within TB lesions (Figure 3B).

Next, we aimed to investigate the potential association
between ferritinophagy and progression of human TB. For this, we
obtained pulmonary tissues from patients undergoing therapeu-
tic resection for advanced TB (n = 9) and diagnostic biopsy spec-
imens for earlier-stage TB (1 = 6) and subsequently compared the
expression of NCOA4 and FTH1 using quantitative immunohis-
tochemistry (Supplemental Table 1). Across all pulmonary tissues,
we observed that the well-recognized necrotizing granulomas
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were frequently accompanied by non-necrotizing granulomas and
lymphoid aggregates, as previously described (Figure 3C) (23).
By quantifying the percentages of NCOA4-positive macrophages
within non-necrotizing and necrotizing granulomas, we observed
a higher percentage of NCOA4-positive macrophages in the
therapeutic resection tissues than in the diagnostic biopsy speci-
mens. However, the difference was statistically significant only in
non-necrotizing granulomas (Figure 3D). In contrast, the percent-
ages of FTHI-positive macrophages were significantly higher in
the diagnostic biopsy specimens than in the therapeutic resection
tissues in non-necrotizing and necrotizing granulomas (Figure
3E). Therefore, we suggest that the upregulation of FTH1 in mac-
rophages is associated with TB disease progression in humans.
Mtb infection increases NCOA4 expression by regulating
TRIM2I-mediated proteasomal degradation of HERC2. The results
described above point to increased NCOA4 as a key event in the
degradation of ferritin and release of iron for Mtb growth. Never-
theless, Mtb infection did not affect the mRNA level of NCOA4
(Figure 4A). It has been recognized that induction of ferritino-
phagy via NCOA4 is regulated by HERC2-mediated proteolysis
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Figure 2. Mtb-induced ferritinophagy facilitates intracellular bacterial growth by enabling access to bioavailable iron. (A) Immunoblot analysis of FTH1
and FTL at different time points (6, 12, 24, 48, and 72 hours) in THP-1-derived macrophages after H37Rv infection in the presence of ferrous lactate (20
uM). (B and €) Immunoblot analysis of NCOA4 at different time points (0, 6, 12, and 24 hours; B) in THP-1-derived macrophages after H37Rv infection with
the indicated MOI (0, 1, 3, and 10; €). (D) Immunoblot analysis and immunoprecipitation of NCOA4 and FTH1in THP-1-derived macrophages infected with
H37Rv (MOI = 3) for 24 hours. (E) Immunoblot analysis of NCOA4 and FTH1in NCOA4-knockdown THP-1-derived macrophages infected with H37Rv for 24
hours. (F) Representative images of H37Rv-infected THP-1-derived macrophages stained with FTH1, NCOA4, and LAMP-1 (scale bars: 4 um). The colocal-
ization ratio was quantified from 30 macrophages (right). (G) Immunoblot analysis of ATGS5, LC3B, NCOA4, and FTH1in AGT5-knockdown THP-1-derived
macrophages infected with H37Rv for 24 hours. (H) Immunoblot analysis of NCOA4 and FTH1in THP-1-derived macrophages infected with H37Rv for 24
hours, followed by bafilomycin A1 (100 nM) treatment for a further 3 hours. (I-K) Detection of free iron in NCOA4-knockdown THP-1-derived macrophages
(1) and in mCherry* H37Ra isolated from the indicated macrophages (J) by Calcein-AM or H37Rv CFU (K) in the presence or absence of various concentra-
tions of DFO (10, 25, and 50 uM) after infection for 72 hours. Data in D, E, and H-K are representative of 2 or 3 independent experiments. Data are present-
ed as means + SD; *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s unpaired t test (F) or 2-tailed unpaired t test (1-K).

during erythropoiesis (15, 24). We, therefore, investigated wheth-
er HERC2 expression in macrophages was reduced during Mtb
infection. As expected, the level of HERC2 in THP-1 macrophages
decreased following Mtb infection in a time- and dose-depen-
dent manner (Figure 4, B and C). Notably, the Mtb infection-
induced decrease in HERC2 expression was recapitulated in pri-
mary human monocyte-derived macrophages, concordant with
increased NCOA4 expression (Figure 4D).

HERC2 has been reported to reside in both the cytoplasm
and nucleus (25, 26). By separating the cytoplasmic and nuclear
fractions of macrophages, we found that Mtb infection reduced
the level of HERC2 protein in the cytoplasm but not the nucleus
(Figure 4E and Supplemental Figure 3A). Coimmunoprecipitation
and confocal microscopy analysis demonstrated that Mtb infec-
tion decreased direct interaction between HERC2 and NCOA4

and simultaneously increased the amount of FTH1 protein bound
to NCOA4 in macrophages (Figure 4, F and G, and Supplemen-
tal Figure 3B). We further validated the negative regulation by
HERC2 of NCOA4-mediated ferritin degradation. HERC2 knock-
down increased the abundance of NCOA4 in both control and
Mtb-infected macrophages, resulting in accelerated degrada-
tion of ferritin (Figure 4H). In addition, Mtb infection inhibited
NCOA4 ubiquitination in THP-1 macrophages transfected with
plasmids encoding ubiquitin (HA-Ub) (Figure 4I and Supplemen-
tal Figure 3C). NCOA4 abundance increased following treatment
with the proteasome inhibitor MG-132, suggesting a role for prote-
asomes in regulating NCOA4 during Mtb infection (Figure 4] and
Supplemental Figure 3, D and E). Collectively, our data indicate
that HERC2-mediated proteolysis inhibits the turnover of NCOA4
protein in Mtb-infected macrophages.
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Figure 3. Reduced FTH1in macrophages is associated with the progression of human TB. (A) Immunochistochemical staining for NCOA4 and FTH1in lung
tissue from a TB patient or a normal lung. Scale bars: 100 um (top) and 20 um (bottom). (B) Colocalization of NCOA4 and FTH1in CD68-positive macro-
phages in the lung lesions of TB patients. Top: HGE staining, single-channel images, and a merged image of DAPI, CD68, NCOA4, and FTH1 (scale bars: 2
mm). Bottom: Magnifications of the outlined areas (scale bars: 100 um). The arrows denote the colocalization of NCOA4 and FTH1in CD68-positive macro-
phages. (C-E) Immunofluorescence staining of lung tissues from TB patients undergoing therapeutic resection (n = 9) and diagnostic biopsy specimens

(n = 6). (C) Representative HGE image and immunofluorescence image of a therapeutic resection tissue section with various necrotizing and non-necro-
tizing granulomas and lymphoid aggregate (scale bars: 2 mm). (D and E) Quantification of the percentage of NCOA4-positive (D) and FTH1-positive (E)
macrophages in well-organized necrotizing and non-necrotizing granulomas among 2 cohorts. A total of 48 non-necrotizing granulomas (18 from thera-
peutic resection and 30 from diagnostic biopsy specimens) and 19 necrotizing granulomas (13 from therapeutic resections and 6 from diagnostic biopsy
specimens) were included in the analysis. Data are presented as means + SD; *P < 0.05, **P < 0.01 by Student’s 2-tailed unpaired t test (D and E).

Although evidence has been presented that HERC2 func-
tions as an E3 ligase (24), how HERC2 expression is regulated
has not been investigated. Similarly to NCOA4, the transcript
level of HERC2 was not influenced by Mtb infection (Figure 5A),
suggesting that HERC2 is regulated posttranslationally. By using
cycloheximide, a pan-inhibitor of protein synthesis, we found that
HERC2 turnover was significantly accelerated in Mtb-infected
macrophages, with the half-life of HERC2 reduced from 12 to 4
hours (Figure 5B). Additionally, inhibition of HERC2 induced
by Mtb infection could be rescued by the proteasome inhibitor
MG-132 (Figure 5C), but not by the lysosome maturation inhibi-
tors chloroquine and bafilomycin Al (Supplemental Figure 4A).
We conclude that the turnover of HERC2 depends on proteasomal
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degradation. Finally, we observed that Mtb infection markedly
induced total ubiquitination of HERC2 in macrophages (Figure 5D
and Supplemental Figure 4B). Together, these data confirm that
Mtb infection enhances ubiquitin-dependent proteasomal degra-
dation of HERC2 in macrophages.

To identify the E3 ligase responsible for HERC2 degradation,
we performed a mass spectrometric analysis of the proteins coim-
munoprecipitated by anti-HERC2 antibody. Four E3 ligase can-
didates were identified. Among them, TRIM21 had the highest
score in both independent experiments (Supplemental Table 2).
We next tested whether TRIM21 is the E3 ligase for HERC2. The
physical interaction between endogenous TRIM21 and HERC2
in macrophages during Mtb infection was confirmed by coim-
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Figure 4. Mtb-induced NCOAA4 is regulated by HERC2-mediated proteolysis. (A) RT-gPCR analysis of NCOA4 in THP-1-derived macrophages infected with
H37Rv. (B and €) Immunoblot analysis of NCOA4 in THP-1-derived macrophages infected with H37Rv (MOI =1, 3, and 10; C) for 2, 6, 12, and 24 hours (B).

(D) Immunoblot analysis of HERC2 and NCOA4 in human monocyte-derived ma

crophages (h(MDMs; n = 3) infected with H37Rv for 24 hours. (E) Immuno-

blot analysis of HERC2 in the cytoplasmic and nuclear fractions of control and H37Rv-infected THP-1-derived macrophages. (F) Immunoblot analysis

and immunoprecipitation of NCOA4, HERC2, and FTH1in THP-1-derived macrophages infected with H37Rv for 24 hours. (G) Representative images of
H37Rv-infected THP-1-derived macrophages stained with HERC2 and NCOA4 (scale bars: 5 um). The colocalization ratio was quantified from 30 macro-
phages (right). (H) Immunoblot analysis of HERC2, NCOA4, and FTH1 in THP-1-derived macrophages transfected with HERC2 siRNA and then infected with
H37Rv for 24 hours. (1) Immunoblot analysis and immunoprecipitation of NCOA4 and HA-Ub in THP-1-derived macrophages transfected with HA-Ub plas-
mid followed by H37Rv infection for 24 hours. (J) Immunoblot analysis of NCOA4 in THP-1-derived macrophages infected or not infected with H37Rv for 24

hours, followed by MG-132 (10 uM) treatment for a further 3 hours. Data in A, E,
presented as means + SD; **P < 0.01 by Student’s unpaired t test (G).

munoprecipitation and confocal microscopy analysis (Figure 5E
and Supplemental Figure 4, C and D). Moreover, degradation of
HERC?2 induced by Mtb infection was effectively prevented by
TRIM21 knockdown in macrophages (Figure 5F and Supplemen-
tal Figure 4E). These findings identify the E3 ligase TRIM?21 as
responsible for the proteasomal degradation of HERC2 in macro-
phages during Mtb infection.

We next assessed the impact of Mtb infection on the E3 ligase
TRIM21. Both the mRNA and protein levels of TRIM21 were
upregulated in a time-dependent manner during Mtb infection
(Figure 5, G and H). To further elucidate the signaling pathways
underlying modulation of TRIM21 by Mtb in macrophages, we
infected THP-1 macrophages with Mtb in the absence or pres-
ence of the p38 inhibitor SB202190, the JNK inhibitor SP600125,
the NF-kB inhibitor JSH-23, or AKT1 inhibitor (AKTi), and then
determined the mRNA and protein levels of TRIM21. Intriguing-
ly, the induction of TRIM21 was markedly inhibited by SB202190
and AKTi (Figure 5, I and J). Thus, we propose that Mtb infection

;

F, H, and ] are representative of 2 or 3 independent experiments. Data are

induces TRIM21 expression in macrophages mainly through p38
and AKT1 signaling pathways.

Ncoa4 deficiency in myeloid cells increases host resistance to Mtb
infection. To investigate whether NCOA4-mediated ferritinophagy
contributes to host resistance against Mtb infection in vivo, we gen-
erated conditional-Ncoa4-knockout mice with Ncoa4 deficiency in
myeloid cells, including monocytes/macrophages (Lyz2< Ncoa4"',
hereafter referred to as Ncoa47"). We used PCR to confirm Ncoa4
alleles in control littermate mice (Ncoa4"", hereafter referred to as
Ncoa4**) and Ncoa4”~ mice (Supplemental Figure 5A). In agree-
ment with the results obtained with the NCOA4-knockdown THP-
1 macrophages, ferritinophagy was impaired in bone marrow-
derived macrophages (BMDMs) from Ncoa4 - mice, as determined
by the accumulation of FTH1 (Figure 6A). Moreover, the growth of
intracellular Mtb was significantly reduced in Ncoa4”~ BMDMs
(Figure 6B). As expected, Ncoa4”- BMDMs showed significantly
decreased levels of free iron in lysosomes (Figure 6C) and host
macrophages (Figure 6D) upon Mtb infection, which was con-
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Figure 5. Mtb-induced proteasomal degradation of HERC2 depends on TRIM21. (A) RT-gPCR analysis of HERC2 in THP-1-derived macrophages infected

with H37Rv for 2, 6, 12, and 24 hours. (B) Immunoblot analysis and quantitative

analysis of HERC2 in THP-1-derived macrophages infected with H37Rv for

various times (1, 2, 4, 8, 12, and 24 hours) in the presence of cycloheximide (CHX; 10 uM). (C) Immunoblot analysis of HERC2 and NCOA4 in THP-1-derived
macrophages infected with H37Rv for 24 hours, followed by MG-132 (10 uM) for a further 3 hours. (B) Immunoblot analysis and immunoprecipitation of
HERC2 and HA-Ub in THP-1-derived macrophages transfected with HA-Ub plasmid, followed by H37Rv infection for 24 hours. (E) Immunoblot analysis

and immunoprecipitation of HERC2 and TRIM21in THP-1-derived macrophages
and TRIM21 in THP-1-derived macrophages transfected with TRIM21 siRNA and

infected with H37Rv for 24 hours. (F) Immunoblot analysis of HERC2
then infected with H37Rv for 24 hours. (G and H) RT-gPCR analysis (G)

and immunoblot analysis (H) of TRIM21in THP-1-derived macrophages infected with H37Rv for 0, 6, 12, and 24 hours. (I and J) RT-gPCR analysis (1) and
immunoblot analysis (J) of TRIM21in THP-1-derived macrophages infected with H37Rv for 24 hours in the presence of p38 inhibitor (58202190, 10 uM),

JNK inhibitor (SP600125, 20 uM), NF-kB inhibitor (JSH-23, 30 uM), or AKT1inhib

itor (AKTi, 10 uM). Data in A-C, E, F, I, and ] are representative of 2 or 3

independent experiments. Data are presented as means + SD; **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student's 2-tailed unpaired t test (G and ).

firmed by the changes of iron-response genes in intracellular Mtb,
as previously reported (Figure 6E) (27, 28).

Following aerosol infection with Mtb (H37Rv), the bacteri-
al loads in the lungs of Ncoa4”~ mice were significantly reduced
compared with those in Ncoa4”* mice, 4 and 8 weeks after infec-
tion (Figure 6, F and G). Consistently, tissue consolidation in the
lungs of Ncoa4”~ mice was impaired (Figure 6H), indicating that
NCOA4 affects host resistance to Mtb infection in vivo. Although
lymphocyte, monocyte/macrophage, and neutrophil infiltration
into the lungs did not differ significantly between Ncoa4** and
Ncoa4”~ mice (Supplemental Figure 5B), the accumulation of
FTH1*CD68* macrophages in the lung tissues of infected Ncoa4”~

J Clin Invest. 2023;133(8):e159941 https://doi.org/10.1172/)CI1159941

mice increased (Figure 6I). In addition, we found that most of
the cytokines we detected, such as INF-y, IL-18, and TNF-a, were
present at significantly higher levels in lung homogenates of
Ncoa4”~ mice compared with those of Ncoa4”* mice at 4 weeks
after infection, suggesting that NCOA4 suppresses pulmonary
inflammation and impairs bacterial control. Interestingly, there
were no significant differences in cytokine levels between the
2 groups at 8 weeks after infection (Supplemental Figure 5C).
We speculate that the NCOA4-dependent mechanism plays a
more prominent role in the early stages of Mtb infection than in
the later phases of the infection. In agreement with our in vitro
findings, our in vivo results confirm that Mtb infection enhances
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Figure 6. Ncoa4 deficiency in myeloid cells increases host resistance to Mtb. (A) Immunoblot analysis of FTH1in BMDMs from Ncoa4** and Ncoa4~- mice
infected with H37Rv for 24 hours. (B) In vitro CFUs in BMDMs from Ncoa4*/* and Ncoa4~- mice. (C) Representative images of H37Rv-infected BMDMs
stained with FeRhoNox and LAMP-1 (scale bars: 7 um). The colocalization ratio was quantified from 30 macrophages (right). (D) Detection of free iron in
BMDMs by FeRhoNox after H37Rv infection for 72 hours. (E) The fold changes of iron-response genes in H37Rv isolated from the indicated BMDMs. (F-I)
Ncoa4** and Ncoa4~/~ mice were aerosol-infected with about 200 CFU per mouse of H37Rv, and lungs were removed at 4 and 8 weeks postinfection (wpi).
The burden of H37Rv in the lungs of Ncoa4*/* and Ncoa4~/- mice (4 wpi, n = 5 per group; 8 wpi, n = 7 per group) was assessed by counting of CFUs (F) and
acid-fast staining (G, 4 wpi; scale bars: 100 um [top] and 20 um [bottom]. Histopathology was assessed in lung sections stained with H&E and quantified
by immune cell infiltration ratio (H, 4 wpi; scale bars: 2 mm [top] and 100 um [bottom]). FTH1 (green) in macrophages (red, CD68-positive) was immuno-
fluorescently stained (scale bars: 20 um) and quantified by percentage (I; n = 100). Data in A-D and F are representative of 2 or 3 independent experiments.
Data are presented as means + SD; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by Student’s unpaired t test (C, H, and I) or Student’s 2-tailed

unpaired t test (B, D, and F).

NCOA4-mediated ferritinophagy, facilitating the intracellular
persistence of the pathogen.

Discussion

The immune system has evolved to protect the host against vari-
ous microorganisms (29). However, several pathogens have devel-
oped survival strategies that allow them to evade ongoing immune
responses (1, 2). Iron is essential for both host and pathogen, and
the sequestration and release of iron by ferritin regulate iron avail-

ability, thereby preventing toxicity associated with iron overload
and hindering pathogens’ access to this essential nutrient that is
stored in phagolysosomes. Here, we showed that ferritin can be
either detrimental or beneficial for intracellular Mtb, depending
on the availability of free iron. This difference provides an alter-
native explanation for the discrepant results reported for the role
played by FTH1 deficiency in the macrophage-mediated killing of
Mtb (3, 4). More importantly, we demonstrated that Mtb exploits
the autophagy-dependent ferritin degradation mechanisms of the
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host to promote its intracellular persistence via the increased avail-
ability of iron in lysosomes. This previously unappreciated evasion
mechanism is initiated by p38 and AKT1 signaling and mediated
by a TRIM21-dedendent proteasomal degradation cascade.

NCOA4 is a key regulator of ferritinophagy, a biological pro-
cess that degrades ferritin and thereby releases bound iron (16, 30,
31). We demonstrated that NCOA4-mediated ferritin degradation
significantly increases the availability of free iron during Mtb infec-
tion and facilitates Mtb growth. In the absence of NCOA4, silenc-
ing of FTHI failed to enhance intracellular Mtb growth. Intrigu-
ingly, our data revealed that NCOA4 deficiency in myeloid cells
significantly increased resistance to Mtb infection in mice, and
NCOA4-mediated ferritin degradation correlated with disease
status in patients with TB. Together, these findings demonstrate
an essential role for NCOA4 in regulating the effects of ferritin
on Mtb infection. In contrast to recent studies reporting that iron
overload in urothelial cells induced NCOA4-dependent ferritino-
phagy leading to hyper-replication of E. coli and host cell death (7),
and that a secreted virulence factor of Ehrlichia chaffeensis, Etf-3,
directly bound the ferritin light chain and induced ferritinophagy
to enhance intracellular growth (8), we demonstrated that Mtb
infection exclusively upregulated the level of NCOA4 and acceler-
ated ferritin degradation to release free iron for intracellular Mtb
growth. Collectively, the results of these studies suggest that the
exploitation of host ferritinophagy to access iron represents a fun-
damental evasion strategy adopted by a variety of pathogens.

Intriguingly, we identified TRIM21 as a critical link between
innate signaling and iron metabolism in macrophages during
Mtb infection. It is known that HERC2-mediated proteolysis of
NCOA4 is required for the induction of ferritinophagy in eryth-
ropoiesis (15, 24, 32); however, how this interaction is regulated
in other cell types, such as macrophages, notably in response to
a microbial challenge, remained unknown. We demonstrated that
Mtb infection decreased protein levels but not transcript levels of
HERC2, suggesting post-transcriptional regulation of HERC2. By
employing mass spectrometry, we revealed, for the first time to
our knowledge, that TRIM21, an E3 ligase, is responsible for the
proteolytic degradation of HERC2. TRIM21, also known as RO52,
is a common target of circulating autoantibodies in autoimmune
diseases (33, 34). The specific virulence factors of Mtb that manip-
ulate the expression of TRIM21 in macrophages remain unknown.
It is clear from our studies, however, that the increased TRIM21 in
macrophages upon Mtb infection depends on the p38/AKT1 sig-
naling pathway. Future investigations are needed to identify the
virulence factors of Mtb responsible and to elucidate the mecha-
nisms that initiate ferritinophagy.

Ferritinophagy has been demonstrated to accumulate free
iron and promote ferroptosis, an iron- and reactive oxygen spe-
cies-dependent form of regulated cell death (17, 35-37). Recently,
ferroptosis has been described as a major mechanism of necrosis
in Mtb-infected macrophages, which may facilitate mycobac-
terial spread (18). However, we did not observe any effects of
NCOA4 knockdown on cell death in Mtb-infected THP-1 macro-
phages. Furthermore, cellular immune responses in Mtb-infected
Ncoa4** and Ncoa47~ mice did not differ. Further investigations
are warranted to determine whether free iron from ferritin deg-
radation serves as a nutrient or interrupts ferroptosis to benefit
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intracellular Mtb growth. However, our findings indicate that the
ferritinophagy-mediated susceptibility to Mtb infection is inde-
pendent of cell death.

While there is an association between iron dysregulation and
related anemia, there is currently no effective host-directed ther-
apeutic (HDT) strategy for TB available that targets iron metab-
olism (38, 39). Clinical trials have shown that iron overload is a
risk factor for patients with TB and is associated with poor out-
comes (40, 41), which may be the result of cytotoxicity and/or
enhanced Mtb growth (42). Similarly, an association between iron
deficiency and increased risk of recurrence of TB and death has
been observed (43, 44). TB-associated anemia is predominantly
caused by absorbed dietary iron being retained in ferritin within
macrophages while circulating iron rapidly decreases following
inflammation (45). However, in clinical trials and animal studies,
neither iron supplementation nor iron depletion has been found
to improve TB, probably because of the dual role of ferritin in Mtb
infection (38, 40, 46, 47). By establishing the critical role played
by NCOA4-mediated ferritinophagy in regulating the effects of
ferritin on intracellular Mtb growth, we have revealed a new path-
omechanism in TB, one that represents a potential HDT target for
intervening with iron metabolism during TB pathogenesis.

Methods

Human TB granuloma cohort. Archival formalin-fixed, paraffin-
embedded (FFPE) specimens from patients undergoing therapeutic
resection for advanced TB (n = 9) and diagnostic biopsy specimens for
earlier stage TB (n = 6) were procured from Shenzhen Third Hospi-
tal and Shenzhen People’s Hospital. Tissues were screened to include
only those that comprised epithelioid cells, multiple Langhans giant
cells, and caseous necrosis or were positive for acid-fast bacilli stain-
ing, nucleic acid amplification test, and Mtb culture (48). To screen for
the presence of granuloma, each specimen was stained with H&E and
inspected by 2 anatomic pathology experts.

Mice. Lyz2°® Ncoa4™? (referred to as Ncoa4”") mice were generated
onthe C57BL/6 background via transgenic animal services provided by
Cyagen (Jiangsu, China). Briefly, the guide RNA (gRNA) to the mouse
Ncoa4 gene, the donor vector containing loxP sites flanking exons 2-6,
and Cas9 mRNA were coinjected into fertilized mouse eggs to gener-
ate offspring with targeted conditional knockout. The mouse mating
was performed by crossing of mice carrying the floxed Ncoa4 allele
(F,, Ncoa4") with mice expressing Cre recombinase (Lyz2) to gen-
erate F, mice (Lyz2“* Ncoa4"*) that were heterozygous for a targeted
allele and hemizygous/heterozygous for the Cre transgene. Heterozy-
gous, Cre* mice were bred with homozygous mice. Ncoa4"" mice were
used as control littermate mice (referred to as Ncoa4*). Successful
deletions were confirmed by PCR and DNA sequencing. The sequenc-
es of the gRNAs were as follows: gRNA1 (matching the forward strand
of the gene), CCACTTCCAGCACTACGTAGGGG; gRNA?2 (matching
the reverse strand of the gene), TGCCTACAACCTAGCGCTCTGGG;
gRNA3 (matching the forward strand of the gene), CTTCCAGCAC-
TACGTAGGGGAGG; and gRNA4 (matching the reverse strand of the
gene), CTACAACCTAGCGCTCTGGGAGG.

Bacterial strains and culture. The mycobacterial strains, including
the virulent and attenuated M. tuberculosis (Mtb) strains H37Rv and
H37Ra, respectively, were cultured either in Middlebrook 7H9 (BD
Difco) broth supplemented with 0.2% (vol/vol) glycerol, 0.25% (vol/
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vol) Tween-80 (MilliporeSigma), and 10% OADC (BD BBL) or on
Middlebrook 7H10 (BD Difco) plates supplemented with 0.5% glyc-
erol and 10% OADC.

Cell isolation and culture. PBMC isolation and human monocyte-
derived macrophage (h(MDM) and THP-1 macrophage differentiation
were performed as previously described (49). Briefly, PBMCs were
obtained from whole blood by density gradient centrifugation (400g,
30 minutes) and then incubated overnight to enrich for monocytes
by adherence to plastic culture plates. The adherent monocytes were
differentiated into hMDMs by treatment with 50 ng/mL of human
macrophage colony-stimulating factor (PeproTech) for 5 days. Human
monocytic THP-1 (TIB-202, ATCC) cells were plated at 4 x 10° cells/
mL in 6- or 12-well plates (Costar) and treated with 40 ng/mL PMA
(Sigma-Aldrich) for 48 hours to differentiate into macrophages.
BMDMs were isolated from Ncoa4** or Ncoa4”~ mice as previously
described (50). Bone marrow cells were cultured in DMEM supple-
mented with 20% conditioned medium from L929 cells, 1 mM sodium
pyruvate, 2 mM L-glutamine, and 10% FBS for 5-7 days. PMA-differ-
entiated THP-1 macrophages, hMDMs, and BMDMs were maintained
in fresh, prewarmed media until further use.

Macrophage infection model. The PMA-differentiated human
THP-1 macrophages, hMDMs, or BMDMs were infected with Mtb
H37Rv (multiplicity of infection [MOI] = 3) or H37Ra (MOI = 10) for
6 hours and then washed 3 times. The cells were treated with DFO in
the range of 10-50 uM for a further 72 hours. Subsequently, the cells
were lysed with 0.1% SDS, and serial dilutions were plated on 7H10
plates. The numbers of colony-forming units (CFU) were counted
after incubation at 37°C for 2-4 weeks, as previously described (49).
For flow cytometry sorting, the PMA-differentiated THP-1 macro-
phages were infected with the Mtb strain H37Ra carrying a dual-color
reporter that comprised a constitutively expressed (Emerald, green)
and a tetracycline-inducible (TagRFP, red) fluorescent protein. After
infection for 3 days, 500 ng/mL tetracycline (MedChemExpress) was
added to the culture medium for a further 24 hours, and then macro-
phages were harvested for sorting on a BD FACSAria II (BD Biosci-
ences), as previously described (13).

Intracellular and bacterial iron quantification. The intracellular
free iron assay was performed as previously described (18, 20, 22). A
total of 4 x 10° PMA-differentiated THP-1 macrophages were cultured
in 12-well plates (Costar) and infected or not infected with Mtb H37Rv
(MOI = 3) and H37Ra (MOI = 10) for 6 hours. The macrophages were
washed 3 times with PBS to remove any noninternalized bacteria and
incubated in fresh complete medium with or without DFO in the range
of 10-50 uM for a further 72 hours. The macrophages were washed
twice with PBS and stained with 500 uL 0.5 pM Calcein-AM (BioLeg-
end) or 5 uM FeRhoNox (Goryo Chemical) in PBS for 30 minutes at
37°C. After rinsing twice, the median fluorescence intensity of calcein
or FeRhoNox in the macrophages was immediately detected using a
BD FACSAria II flow cytometer (BD Biosciences) and analyzed using
Flow]o software version 10 (BD Biosciences). A calcein-based bacte-
rial free iron assay was performed using a slightly modified protocol
that was previously described (20). A total of 1 x 10¢ PMA-differenti-
ated THP-1 macrophages were cultivated in 6-well plates (Costar) and
infected or not infected with mCherry-H37Ra (MOI = 10) for 6 hours.
The macrophages were washed 3 times with PBS to remove any non-
internalized bacteria and incubated in fresh complete medium with or
without 25 uM DFO for a further 72 hours. At the end of the infection
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period, the macrophages were washed 3 times with PBS to remove any
extracellular bacteria, and the cells were lysed with 1 mL 0.005% SDS
in PBS on ice for 15 minutes. Lysates were harvested and pelleted by
centrifugation at 21,000g at 4°C for 20 minutes. The supernatants
were carefully and completely removed, and the bacterial pellet was
stained in 20 pL of 1 mM Calcein-AM in PBS in a thermomixer for 2.5
hours at 36°C and 1,500g. The bacterial pellet was washed twice with
PBS, counted using a BD FACSAria II flow cytometer (BD Bioscienc-
es), and analyzed using FlowJo software version 10 (BD Biosciences).
Bacteria could be identified by the expression of the mCherry marker.

Plasmids, siRNAs, and transfection. Before plasmid transfec-
tion, PMA-differentiated THP-1 macrophages were treated for 30
minutes with NATE (InvivoGen; 100x), a nucleic acid transfection
enhancer, to boost transfection efficiency in macrophages (51). Then
the macrophages were transfected with plasmids encoding wild-type
ubiquitin (HA-Ub, a gift from Xingzhi Xu, 34142045). At 48 hours
after transfection, the macrophages were infected with H37Ra (MOI
=10) for 24 hours. The supernatants of the cell lysates were subject-
ed to immunoprecipitation and then analyzed by immunoblotting.
For siRNA transfection, FTHI (RiboBio; stBO006367B-1-5), FTL
(RiboBio; stBO006368B-1-5), NCOA4 (RiboBio; stBO003663B-1-5),
ATG5 (RiboBio; siB12531154855-1-5), HERC2 (5'-GAGCUGAUUUC-
UUGAGUAA-3'), and TRIM?21 (5'-GTGAAGCAGCCTCCTTATA-3')
siRNAs were transfected using Lipofectamine RNAIMAX (Invit-
rogen), according to the manufacturer’s protocol and as previously
described (49). Scrambled siRNA was used as a negative control.
At 36-48 hours after transfection, the efficiency of knockdown was
determined by Western blotting.

RNA extraction and quantitative PCR. Total RNA was extracted from
PBMCs or macrophages using an RNeasy kit (Omega), and quantitative
PCR was performed using a 7500 Fast Real-Time PCR System (Thermo
Fisher Scientific) with SYBR Green PCR Master Mix (TaKaRa), accord-
ing to the manufacturer’s instructions and as previously described (13,
52). The primers obtained from the PrimerBank were as follows: FTHI
(forward: 5'-AGAACTACCACCAGGACTCA-3'; reverse: 5'-TCATC-
GCGGTCAAAGTAGTAAG-3'), FTL (forward: 5-CAGCCTGGT-
CAATTTGTACCT-3; reverse: 5'-GCCAATTCGCGGAAGAAGTG-3),
NCOA4 (forward: 5-GAGGTGTAGTGATGCACGGAG-3'; reverse:
5'-GACGGCTTATGCAACTGTGAA-3'), HERC2 (forward: 5'-TCG-
CCTCGACTCCAAATGG-3'; reverse: 5-TCTTTGTTCCACTTG-
GTTCGAC-3'), and TRIM21 (forward: 5'-TCAGCAGCACGCTTGA-
CAAT-3'; reverse: 5'-GGCCACACTCGATGCTCAC -3').

Immunoprecipitation, immunoblotting, and mass spectrometry. Cell
lysates were harvested after treatment in NETN buffer containing 150
mM NaCl, 20 mM Tris-HCI (pH 7.5), 1 mM EDTA, 0.5% Nonidet P-40,
and a protease inhibitor cocktail (Roche), as previously described (13).
Antibodies and control IgG (1 pg) were used for immunoprecipitation
from 200 pg of total lysates and incubated at 4°C overnight. Precipi-
tates were washed 3 times with NETN buffer and quantified on a Qubit
4.0 Fluorometer using a Qubit protein assay kit (Thermo Fisher Scien-
tific). The samples were separated by SDS-PAGE and transferred onto
PVDF membranes (Merck Millipore). After blocking with 5% skim milk
in PBST (PBS with 0.05% Tween-20) for 2 hours at room temperature,
the membranes were incubated with primary antibodies against target
proteins overnight at 4°C. After washing with PBST, the membranes
were incubated with peroxidase-conjugated secondary antibodies for
1 hour at room temperature and visualized using ECL detection solu-
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tion (Thermo Fisher Scientific), as previously described (49). For the
detection of ubiquitinated proteins, immunoprecipitation was carried
out under denaturing conditions. For mass spectrometry, the precipi-
tates immunoprecipitated with anti-HERC2 antibody or control IgG
were eluted using an elution buffer (0.5 mol/L NH,OH, 0.5 mmol/L
EDTA), according to the manufacturer’s instructions. Samples were
concentrated using an evaporator and subjected to liquid chromatog-
raphy-mass spectrometry analyses. The following antibodies (clone
number, source) were used in this study: FTH1 (polyclonal, Abcam;
B-12, Santa Cruz Biotechnology), FTL (polyclonal, Proteintech), actin
(EPR16769, Abcam), NCOA4 (polyclonal, Abcam; 439CT10.4.4, Invit-
rogen), LAMP-1 (H3A3, Abcam), ATG5 (D5G3, Cell Signaling Technol-
ogy), LC3B (polyclonal, Cell Signaling Technology), CD68 (C68/684,
Abcam), HERC2 (polyclonal, Abcam; polyclonal, Bethyl Laboratories
Inc.; 17/HERC2, BD Transduction Laboratories), TRIM21 (polyclonal,
Abcam), HA-Tag (6E2, Cell Signaling Technology), anti-rabbit Alexa
Fluor 488 or 555 (polyclonal, Thermo Fisher Scientific), anti-mouse
Alexa Fluor 488 or 555 (polyclonal, Thermo Fisher Scientific), and
HRP-linked anti-rabbit and anti-mouse IgG (polyclonal, Abcam).

Mouse infection model. All work with mice was carried out in con-
formity with the guidelines of the Institutional Animal Committee
of Shenzhen University School of Medicine. Six- to eight-week-old
Ncoa4”~ and Ncoa4”* mice were randomly divided into cages and
infected with approximately 100-200 CFU of H37Rv strain using a
Glas-Col inhalation exposure system, as previously described (13).
Mice were euthanized at 0, 28, or 56 days after infection. Lungs were
aseptically excised, homogenized, and subsequently plated on 7H11-
OADC agar using a 10-fold serial dilution. CFUs were counted after
2-3 weeks of incubation at 37°C in 5% CO,,.

Histological analysis and acid-fast staining. Segments of lung tis-
sues were fixed in 10% paraformaldehyde in PBS and embedded in
paraffin. Tissues were dissected into 4-mm-thick sections and stained
with H&E or Ziehl-Neelsen stain (for acid-fast bacilli), according to
standard protocols. Images of the whole microscopy slides were cap-
tured using a NanoZoomer digital pathology system (Hamamatsu
Photonics), as previously described (13).

Immunohistochemistry, immunofluorescence staining, and quanti-
tative analysis. Serial 4-mm sections of FFPE lung tissues from mice
as well as human patients with TB who had undergone surgery were
used for immunohistochemistry (IHC) staining using the EXPOSE
rabbit-specific HRP/DAB detection IHC kit (Abcam), according to the
manufacturer’s protocol. Images were captured using a NanoZoomer
digital pathology system (Hamamatsu Photonics). For immunoflu-
orescence staining, sections were processed by rounds of sequential
antibody staining, detection, and stripping using the TSA-RM 4-color
fIHC kit (Panovue), according to the manual provided. Briefly, sections
were incubated with primary antibodies against target proteins for
1 hour at room temperature and then washed 3 times with TBST (TBS
with 0.05% Tween-20). Antibody detection was performed using
HRP-conjugated secondary antibody systems coupled with tyramide
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signal amplification (TSA) reactions (Panovue). Antibody stripping
was performed by microwave treatment in pH 6 citrate buffer for 15
minutes at 95°C, followed by another round of staining. Whole slides
were visualized, and images were captured using a Keyence BZ-810
fluorescence microscope with a x20 objective. Immunofluorescence
staining was correlated with H&E staining of the serial tissue sections
for granuloma classification (23). As previously described (53), the
number and percentage of positive pixels of the proteins of interest
were counted in both well-organized necrotizing and non-necrotizing
granulomas among our cohorts.

Statistics. Statistical analyses were performed using GraphPad
Prismversion 8 (GraphPad Software Inc.). Statistical significance of dif-
ferences between groups was determined using a Student’s unpaired ¢
test, Student’s 2-tailed unpaired ¢ test, 1-way ANOVA with Tukey’s post
hoc test, or 2-way ANOVA with Bonferroni’s post hoc test. Differences
were considered to be significant at P less than 0.05. Statistical details
of the experiments can be found in the figure legends.

Study approval. The present study was approved by the Ethics
Committees of Shenzhen University, Shenzhen Third Hospital, and
Shenzhen People’s Hospital (Shenzhen, China). Written informed
consent was provided by all participants. The animal experimental
protocols were approved by the Animal Research Ethics Committee of
Beijing Chest Hospital (Beijing, China).
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