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ABSTRACT Downregulation of host gene expression is a key strategy employed
by intracellular pathogens for their survival in macrophages and subsequent patho-
genesis. In a previous study, we have shown that histone deacetylase 1 (HDAC1)
levels go up in macrophages infected with Mycobacterium tuberculosis, and it hypo-
acetylates histone H3 at the promoter of IL-12B gene, leading to its downregula-
tion. We now show that after infection with M. tuberculosis, HDAC1 is phosphoryl-
ated, and the levels of phosphorylated HDAC1 (pHDAC1) increase significantly in
macrophages. We found that transcriptional repressor protein zinc finger and BTB do-
main 25 (ZBTB25) and transcriptional corepressor Sin3a associate with the HDAC1 silenc-
ing complex, which is recruited to the promoter of IL-12B to downregulate its expres-
sion in infected macrophages. Knocking down of ZBTB25 enhanced release of IL-12p40
from infected macrophages. Inhibition of HDAC1 and ZBTB25 promoted colocalization
of M. tuberculosis and LC3 (microtubule-associated protein 1A/1B-light chain 3) in auto-
phagosomes. Induction of autophagy resulted in the killing of intracellular M. tuberculo-
sis. Enhanced phosphorylation of JAK2 and STAT4 was observed in macrophages upon
treatment with HDAC1 and ZBTB inhibitors, and inhibition of JAK2/STAT4 negated the
killing of the intracellular pathogen, suggesting their role in the autophagy-mediated
killing of intracellular M. tuberculosis. In view of the emergence of drug resistance in M.
tuberculosis, host-directed therapy is an attractive alternative strategy to combat tuber-
culosis (TB). HDACs have been proposed to be host targets for TB treatment. Our study
indicates that ZBTB25, a functional subunit of the HDAC1/Sin3a repressor complex
involved in IL-12B suppression, could be an alternative target for host-directed anti-TB
therapy.

IMPORTANCE Following infection with M. tuberculosis, levels of HDAC1 go up in mac-
rophages, and it is recruited to the promoter of IL-12B where it hypoacetylates his-
tone H3, leading to the downregulation of the gene. Here, we show that host tran-
scriptional repressor protein ZBTB25 and transcriptional corepressor Sin3a associate
with HDAC1 in the silencing complex. Knocking down of ZBTB25 prevented the
recruitment of the complex to the promoter and consequently enhanced the gene
expression and the release of IL-12p40 from infected macrophages. Pharmacological
inhibition of ZBTB25 in infected macrophages resulted in the induction of autophagy
and killing of intracellular M. tuberculosis. Drug-resistant TB is a serious challenge to
TB control programs all over the world which calls for finding alternative therapeutic
methods. Host-directed therapy is gaining significant momentum in treating infec-
tious diseases. We propose that ZBTB25 is a potential target for host-directed treat-
ment of TB.
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Tuberculosis (TB) caused by Mycobacterium tuberculosis is a prominent cause of
death worldwide, especially in tropical regions. Although effective anti-TB drugs

and the BCG vaccine have been in use for almost a century, TB still remains a global
malady that cannot be eradicated. The current therapeutic drugs inhibit M. tuberculosis
by interfering with critical pathways such as DNA metabolism and mycolic acid biosyn-
thesis. Typically, treatment of TB involves administration of multiple drugs over a pe-
riod of 4 to 6 months. This, combined with the side effects of the drugs, leads to non-
compliance, which is one major reason for emergence of drug-resistant TB. The ability
of M. tuberculosis to remain within the host in a dormant state for a long time, and to
get reactivated when the body’s defenses are compromised, is another reason for the
success of M. tuberculosis as a recalcitrant pathogen. Novel and fast-acting anti-TB mol-
ecules against metabolically active and dormant bacteria are required for effective con-
trol of TB. In recent times, however, an alternative approach, namely, host-directed
therapy, has emerged as a promising treatment method which, unlike the current anti-
TB drugs, targets host factors which facilitate the survival and pathogenicity of intracel-
lular M. tuberculosis (1, 2).

After invading the host, M. tuberculosis inhabits membrane-bound phagosomes
and employs mechanisms to evade the innate immune responses that trigger macro-
phages (3, 4). After phagocytosis, the primary host defense mechanism is initiated by
the secretion of proinflammatory cytokines tumor necrosis factor alpha (TNF-a), inter-
leukin-1 beta (IL-1b), IL-6, and IL-12. Proinflammatory cytokines play a key role in ini-
tiating antimicrobial responses (5–7). The T-cell-mediated immunity augments the
capability of macrophages to clear bacteria by activating Th1 responses and boosting
their cytotoxic activity (8).

Recent studies reveal that intracellular pathogens suppress host immune functions
by targeting the host chromatin and epigenetic regulators (9). In a previous study, we
had shown that infection of human macrophages with virulent M. tuberculosis causes
the levels of histone deacetylase 1 (HDAC1) to increase significantly and repress
expression of the IL-12B gene (10). HDAC1 has been shown by numerous studies to be
the catalytic core of many corepressor complexes involved in the downregulation of
eukaryotic gene expression.

Microbial pathogens have developed several strategies to take control of the host
immune system. Suppression of host gene expression by HDACs plays a significant
role in keeping the host immune system in check. Epstein-Barr virus proteins TRF2 (11)
and EBNA3C (12) bind to the HDAC1 complex, and these interactions are necessary for
viral replication in the host. Terhune et al. (13) identified that cellular proteins RBBP4
and CHD4 and human cytomegalovirus (HCMV) protein pUL29/28/38 interact with
HDAC1 upon HCMV infection to stimulate the accumulation of immediate early viral
RNAs. 2-aminoacetophenone, a quorum-sensing molecule from Pseudomonas aerugi-
nosa, regulates host HDAC1 expression and enhances the interaction between cellular
p50 protein and HDAC1, leading to repression of proinflammatory responses (14). The
ankyrin molecule from Anaplasma phagocytophilum induces the recruitment of the
HDAC1 complex to promoters of antimicrobial defense genes (15). Our own study has
shown that HDAC1 is recruited to the promoter of IL-12B to downregulate its expres-
sion in M. tuberculosis-infected macrophages (10). However, it remains to be seen if M.
tuberculosis proteins are associated with the complex in infected cells. Also, the identity
of host proteins associated with HDAC1 during M. tuberculosis infection and their role
in the progress of infection/pathogenesis are also not known. Although our study has
shown that knocking down or inhibiting HDAC1 resulted in the enhanced killing of M.
tuberculosis, we propose that inhibition of HDAC1-associated proteins, rather than in-
hibiting HDAC1 itself, which has a broader role in cellular gene regulation, may be a
more specific strategy for host-directed anti-TB therapy.

The present study, in which we analyzed the HDAC1-associated proteins in M. tuber-
culosis-infected macrophage cells, reveals that ZBTB25, a repressive transcription fac-
tor, associates with HDAC1 repressor complex. ZBTB25 is a member of the broad
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complex, tram track, bric-a-brac/poxvirus and zinc finger (BTB/POZ) transcription fam-
ily, and these proteins possess a DNA-binding zinc finger motif at the C terminus and a
protein-binding BTB/POZ domain at the N terminus. The zinc finger identifies and
binds to the specific DNA sequences, while the BTB/POZ domain helps in the homodi-
merization and/or heterodimerization and interaction with other proteins (16). The
human genome encodes about 60 genes under the ZBTB family (17), although the
function of most of the members is yet to be ascertained. In the present study, we
show that ZBTB25, along with HDAC1, binds to the IL-12B gene promoter and
represses its expression. Inhibition of ZBTB25 derepresses the expression of IL-12B
gene and also activates autophagy-associated genes. Because of its dual role in
HDAC1-mediated repression of genes and autophagy, we propose that ZBTB25 may
be a potential therapeutic target for TB treatment.

RESULTS
HDAC1 in macrophages is phosphorylated upon M. tuberculosis infection. To

delineate if HDAC1 is phosphorylated during M. tuberculosis infection, human macro-
phages were infected with M. tuberculosis H37Rv, and a time course analysis of phos-
phorylated HDAC1 (pHDAC1) and nonphosphorylated HDAC1 was carried out from 0
to 48 h by Western blot analysis of uninfected and M. tuberculosis-infected macro-
phages. At 24 h postinfection (hpi), the levels of pHDAC1 increased by 4-fold in macro-
phages infected with M. tuberculosis (Fig. 1A and B) compared to the uninfected cells.
Time course of the levels of nonphosphorylated HDAC1 in infected and uninfected
cells was analyzed by Western blotting (Fig. S1A and B at https://rgcb.res.in/documents/
publication/drajay/mSPhere00036-21%20supplemental%20file%20RGCB.pdf).

To find out whether it is the pHDAC1 that is recruited to the IL-12B promoter in
macrophages during M. tuberculosis infection, we performed a chromatin immunopre-
cipitation with antibodies against pHDAC1 followed by PCR for the promoter
sequence. Amplification of the IL-12B promoter region confirmed the recruitment of
pHDAC1 to it (Fig. 1F, panel ii).

Phosphorylated HDAC1 interacts with ZBTB25, and both are recruited to the IL-
12B promoter. To identify the interacting partners of HDAC1 during M. tuberculosis
infection, we infected THP-1-derived macrophages with M. tuberculosis H37Rv and
immunoprecipitated pHDAC1-associated proteins from cell extracts with pHDAC1-spe-
cific (serine 421 or serine 423) polyclonal antibodies. Subsequent liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) analysis detected and identified HDAC1
and two other macrophage proteins, namely, ZBTB25 and Sin3a (Table S1 at https://
rgcb.res.in/documents/publication/drajay/mSPhere00036-21%20supplemental%20
file%20RGCB.pdf) in the precipitate. Interaction of ZBTB25 with HDAC1 and Sin3a
was confirmed by reciprocal coimmunoprecipitations (Fig. 1C). To further investigate
the association of HDAC1 with ZBTB25, we carried out an immunofluorescence micros-
copy analysis. Confocal images of the macrophages infected withM. tuberculosis showed
that ZBTB25 and HDAC1 colocalize within the nucleus at 24 hpi (Fig. 1D), which was not
observed in uninfected cells. Interaction of the HDAC1 and ZBTB25 was analyzed
employing in silico docking analysis, which showed that HDAC1 and ZBTBT25 interact
with each other strongly, with a docking score of 2914.5 Kcal/mol (Fig. 1E; Fig. S1C and
D and Table S3 at https://rgcb.res.in/documents/publication/drajay/mSPhere00036
-21%20supplemental%20file%20RGCB.pdf). Following infection, ZBTB25 and Sin3a
were found to be recruited to the IL-12B promoter at 24 hpi. This was confirmed by
chromatin immunoprecipitation of macrophage DNA with antibodies against
ZBTB25 and Sin3a, followed by a PCR for these promoter sequences (Fig. 1F). The
levels of ZBTB25 in the uninfected and infected macrophages were evaluated using
real-time PCR, and a time course analysis was done using Western blotting with
ZBTB25-specific antibodies (Fig. 1G). We found no significant difference in the levels
of ZBTB25 in M. tuberculosis-infected and uninfected macrophages (Fig. 1H and I).
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Knocking down of ZBTB25 restores the expression of IL-12B and reduces the
intracellular survival of M. tuberculosis. Since we observed an interaction between
HDAC1 and ZBTB25, we tested whether ZBTB25 plays a role in the survival of M. tuber-
culosis inside the macrophages. To investigate this, we knocked down ZBTB25 in THP-
1-derived macrophages and infected them with virulent M. tuberculosis. The efficiency
of knockdown was confirmed by quantitative reverse transcription-PCR (qRT-PCR),
Western blotting, and confocal microscopy (Fig. 2A and B and Fig. S1E). We observed
that ZBTB25, HDAC1, and Sin3a were not recruited to the promoter of IL-12B in macro-
phages in which ZBTB25 was knocked down (Fig. 2C). As expected, knockdown of
ZBTB25 significantly enhanced IL-12B mRNA and IL-12p40 protein levels in infected
cells as confirmed by qRT-PCR (Fig. 2D) and enzyme-linked immunosorbent assay
(ELISA) (Fig. 2E). Colony forming units (CFU) of intracellular M. tuberculosis were enum-
erated by lysing the infected macrophages at 24 hpi and plating them on Middlebrook

FIG 1 Phosphorylated HDAC1 interacts with ZBTB25, and they are recruited to the IL-12B promoter. (A) Time course of levels of phosphorylated HDAC1 in
M. tuberculosis-infected macrophages. pHDAC1 levels in uninfected (UIF) and infected (IF) samples. (B) Densitometric analysis of pHDAC1 bands normalized
with that of histone H3. Each value represents mean 6 SD from triplicate measurements. *, significantly different from UIF sample; P # 0.05. (C)
Coimmunoprecipitation analysis of the association between ZBTB25 and Sin3a-HDAC1 complex. Whole-cell lysates were immunoprecipitated with the
antibodies against (i) ZBTB25, (ii) Sin3a, and (iii) HDAC1. IgG was used as the negative control. Immunocomplexes were then probed with antibodies as
indicated. (D) Immuno-cytochemical imaging shows HDAC1 colocalizes with ZBTB25 inside the nucleus of macrophages infected with M. tuberculosis. The
cells were visualized by confocal microscopy at 24 hpi. (E) Docking analysis shows that HDAC1 can interact with ZBTB25. (F) Status of ZBTB25, HDAC1, and
Sin3a recruitment on the IL-12B promoter by ChIP. ChIP with (i) ZBTB25, (ii) HDAC1, and (iii) Sin3a antibodies. (G) Status of expression of ZBTB25 in
macrophages upon M. tuberculosis infection by real-time PCR; (H) protein levels by Western blotting. (I) Densitometric analysis of ZBTB25 bands normalized
with that of histone H3. Each value represents mean 6 SD from triplicate measurements.

Madhavan et al.

January/February 2021 Volume 6 Issue 1 e00036-21 msphere.asm.org 4

https://msphere.asm.org


7H10 agar. Macrophages treated with scrambled small interfering RNA (siRNA) and
infected with M. tuberculosis served as control. A significant decrease was observed in
the number of CFU in macrophages in which ZBTB25 was knocked down (Fig. 2F).

Treatment of infected macrophages with DP and CI994 enhances intracellular
clearance of M. tuberculosis. The zinc finger domain of ZBTB25 is important for its
ability to bind DNA. Different zinc ejector drugs, dithiopyridine (DP), disulfiram (DS),
and 2-nitrobenzoic acid (2NB), were tested for their ability to inhibit and eject the zinc
ion from the recombinant ZBTB25 protein. The most effective Zn ejector was selected
based on its efficiency to eject zinc from the protein (Fig. S2A at https://rgcb.res.in/
documents/publication/drajay/mSPhere00036-21%20supplemental%20file%20RGCB
.pdf). The Zn21 ions released by the Zn ejectors were monitored using the fluores-
cence of the zinc-specific fluorophore FluoZin-3. For a 50% Zn21 ejection from
ZBTB25, the concentrations required for DP, DS, and 2NB were 4.61 6 0.28 mM,
10.35 6 0.30 mM, and 25.54 6 0.37 mM, respectively, as determined by time course
experiments with different concentrations of the drugs (Fig. S2A and B). These
results suggested that DP is a strong zinc ejector and inhibits ZBTB25 significantly
compared to other Zn ejector molecules used in this study. The 3-(4,5-dimethylthia-
zole-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) cytotoxicity analysis showed that

FIG 2 Knocking down of ZBTB25 enhances IL-12p40 and reduces the intracellular survival of M. tuberculosis. THP-1 macrophage cells were transfected with
ZBTB25 siRNA, or scrambled siRNA control using HiPerFect transfection reagent. (A) Western blot analysis of macrophage cells in which the expression of
endogenous ZBTB25 was knocked down using ZBTB25 siRNA. Lane 1, normal macrophages; lane 2, macrophages transfected with scrambled siRNA control;
lane 3, macrophages transfected with ZBTB25 siRNA. (B) Immuno-cytochemical staining with anti-ZBTB25 antibody and DAPI of control THP-1 macrophages.
Cells in which ZBTB25 was knocked down showed reduced fluorescence compared to the control macrophages. (C) Knocking down of ZBTB25 blocks the
recruitment of the HDAC1 silencing complex to the IL-12B promoter. Status of (i) ZBTB25, (ii) HDAC1, and (iii) Sin3a on the IL-12B promoter by ChIP followed by
PCR. UIF, normal macrophages; IF, macrophages transfected with scrambled siRNA and infected with M. tuberculosis; IF1siRNA, macrophages transfected with
ZBTB25 siRNA and infected with M. tuberculosis. (D) IL-12B expression is upregulated in M. tuberculosis-infected macrophages upon ZBTB25 inhibition. qPCR of IL-
12B when ZBTB25 is knocked down. *#, IL-12B expression is significantly different from uninfected (UIF) and infected (IF) samples; P # 0.05. (E) ELISA of IL-12p40
when ZBTB25 is knocked down in macrophages. *, IL-12p40 levels are significantly different from infected (IF) sample; P # 0.05. (F) Survival of M. tuberculosis
decreases in macrophages when ZBTB25 is knocked down. Macrophages in which ZBTB25 was knocked down were infected with M. tuberculosis. Macrophages
not treated with siRNA but infected with M. tuberculosis were also kept as control. Intracellular bacterial viability was determined by counting the number of CFU.
Data shown here are the mean 6 SD of three independent experiments. *, survival is significantly different from both controls; P # 0.05.
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DP is less toxic to THP-1 cells (Fig. S2C). Even after exposure to 30 mM DP for 24 h,
85.33 6 1.53% of the cells remained viable.

To find the concentration of DP for the inhibition of ZBTB25 protein in M. tuberculosis-
infected macrophages, we exposed the infected THP-1 cells to different concentrations of
the same (5, 10, 15, and 20 mM) and monitored the recruitment of ZBTB25 to the IL-12B
promoter. Recruitment of ZBTB25 was completely abolished at 20mM concentration of DP
(Fig. S2D and E). We also tested the intracellular survival of M. tuberculosis after treatment
of infected THP-1 cells with different concentrations of DP (5, 10, 15, 20, and 30 mM). The
intracellular survival (Fig. S2F) suggested that viability of intracellular bacteria was reduced
significantly after treatment of infected THP-1 cells with 20 and 30 mM DP (35.11 6 4.32%
and 31.716 4.79%, respectively) at 24 hpi. Based on these results, 20mM DP was used for
further assays in this study.

In addition, we evaluated the effect of CI994, an HDAC1 inhibitor, on intracellular
survival of M. tuberculosis. Specificity of CI994 toward HDAC1, HDAC2, and HDAC3 was
tested using HDAC inhibitor screening assay kit (Cayman Chemical, USA) based on the
manufacturer’s protocol (Fig. S3A at https://rgcb.res.in/documents/publication/drajay/
mSPhere00036-21%20supplemental%20file%20RGCB.pdf). The 50% inhibitory concen-
tration (IC50) values of CI994 for HDAC1, HDAC2, and HDAC3 were found to be 0.52 6

0.03 mM, 1.09 6 0.07 mM, and 1.54 6 0.09 mM, respectively. The MTT cytotoxicity anal-
ysis showed that CI994 is not toxic to THP-1 cells (Fig. S3B). The recruitment of HDAC1
to the IL-12B promoter in infected macrophages was monitored at concentrations of
0.5, 10, 15, and 20 mM, and it was observed that HDAC1 recruitment was decreased by
2.6-fold at 15 and 20 mM concentrations of CI994 compared to the lower concentra-
tions used in the experiment (Fig. S3C and D). Intracellular survival of M. tuberculosis
was tested at different concentrations of CI994 (0.5, 5, 10, 15, and 20 mM). The results
showed that CI994 at 15 mM is effective in reducing the intracellular survival of M. tu-
berculosis by 47.39 6 2.42% at 24 hpi (Fig. S3E), and therefore, this concentration was
used in subsequent experiments.

Interestingly, treatment with a combination of DP and CI994 showed an enhanced
effect on the expression of IL-12B, IL-12p40 levels and the intracellular M. tuberculosis
survival (Fig. 3A to C, respectively). The CFU count of combination treatment indicated
a significant reduction in the number (72% killing) of M. tuberculosis inside the macro-
phages compared to the macrophages treated with CI994 alone (Fig. 3A). In the pres-
ence of DP, recruitment of HDAC1 complex proteins (HDAC1, ZBTB25, and Sin3a) to
the IL-12B promoter was not observed (Fig. 3D).

Treatment with DP disrupted the interaction and colocalization of ZBTB25 and
HDAC1 in the nucleus, which was confirmed by confocal microscopy (Fig. 3E). Toxicity
of DP toward THP-1 cells was tested by MTT assay, and that toward M. tuberculosis
H37Rv was tested by resazurin microtiter assay (REMA) (Fig. S3F and Fig. S4A to C at
https://rgcb.res.in/documents/publication/drajay/mSPhere00036-21%20supplemental%20
file%20RGCB.pdf). The drug concentrations used in this study were not toxic to THP-1-
derived macrophages and M. tuberculosis at which it interfered with the recruitment of
the repressor complex to the IL-12B promoter (Fig. S3F).

Consistent with our observation in THP-1-derived macrophages, we found a similar
trend when peripheral blood mononuclear cells (PBMC) were infected with M. tubercu-
losis and treated with these inhibitors. Treatment with DP and CI994 resulted in the kill-
ing of 62% and 54% of M. tuberculosis, respectively (Fig. 3F), and the combination of
DP and CI994 enhanced the killing of intracellular M. tuberculosis to 70% in PBMC. The
levels of IL-12p40 were found to be significantly high in M. tuberculosis-infected macro-
phages treated with DP and CI994 compared to those in infected but untreated cells
(Fig. S5 at https://rgcb.res.in/documents/publication/drajay/mSPhere00036-21%20
supplemental%20file%20RGCB.pdf).

Autophagy is activated when IL-12B expression is restored in macrophages.
Treatment of macrophage with DP (20 mM) and CI994 (15 mM) significantly enhanced
IL-12B expression and decreased the survival of M. tuberculosis. Since DP and CI994
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are found to increase the IL-12p40 levels and since it is reported that IL-12 mediates
killing of intracellular mycobacteria through autophagy, we investigated if DP and
CI994 can induce autophagy in THP-1-derived macrophage cells. Autophagosome
formation is regulated by two critical proteins, namely, ATG5 and Beclin 1. Expression
of BECN1 (encoding Beclin 1) and ATG5 and their product levels were low (Fig. 4A
and B) in macrophages infected with M. tuberculosis. However, when they were
treated with DP alone or in combination with CI994, expression of both the genes
and their protein levels were significantly elevated (Fig. 4A to D). Thus, treatment
with DP and CI994 was able to overcome the M. tuberculosis-mediated suppression
of the autophagy genes ATG5 and BECN1 in human macrophages. Confocal micros-
copy revealed that the levels of Beclin 1 increased after the drug treatment (Fig. 4E).
Treatment of uninfected normal macrophages with DP and CI994 did not result in
the elevation of the levels of Beclin 1 (Fig. S6A at https://rgcb.res.in/documents/
publication/drajay/mSPhere00036-21%20supplemental%20file%20RGCB.pdf). Microtubule-
associated protein 1A/1B-light chain 3 (LC3) is another key protein required for autophago-
some formation and is considered an autophagy marker. M. tuberculosis-infected macro-
phages showed reduced levels of LC3 (Fig. 5A). Interestingly, cells treated with DP or CI994

FIG 3 Treatment of infected macrophages with DP (ZBTB25 inhibitor) and CI994 (HDAC1 inhibitor) enhanced the intracellular clearance of M. tuberculosis.
THP-1-derived macrophages were infected with M. tuberculosis H37Rv. After M. tuberculosis infection, cells were treated with DP (20 mM) and/or CI994 (15
mM) or rifampicin (1 mg/ml) for 24 h. (A) Intracellular bacterial viability was determined based on the number of CFU. Isolation of bacilli from the
macrophages was carried out at 24 h. The number of viable bacilli in each of the plate was assayed by plating lysed macrophages on 7H10 agar plates
and incubating the plates at 37°C for 3 weeks and counting the CFU. Values are shown from 3 independent experiments (mean 6 SD). *, survival is
significantly different from infected samples (IF); P # 0.05. (B) qPCR for the expression of the IL-12B mRNA transcript (normalized to b-actin mRNA
expression). *#, IL-12B expression is significantly different from uninfected (UIF) and infected samples (IF), respectively; P # 0.05. (C) ELISA of IL-12p40 after
inhibitor treatment. *#, IL-12p40 levels are significantly different from uninfected (UIF) and infected samples (IF), respectively; P # 0.05. (D) DP treatment
blocks the recruitment of the HDAC1 silencing complex to the IL-12B promoter. Status of (i) ZBTB25, (ii) HDAC1, and (iii) Sin3a on the IL-12B promoter by
ChIP PCR. (E) Immuno-cytochemical imaging shows HDAC1 does not colocalize with ZBTB25 inside the macrophage nucleus after DP treatment. (F)
Intracellular viability of M. tuberculosis in infected PBMC after treatment with DP, CI994, and rifampicin was determined by counting the number of CFU.
*, survival is significantly different from infected sample (IF); P # 0.05.
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could overcome this downregulation, and LC3 was found to be localized as punctate struc-
tures in the cells, and the number of punctae was higher in cells treated with both drugs
(Fig. 5A).

LC3 is usually located in the cytoplasm of cells as LC3-I, a nonlipidated form of the
former. After induction of autophagy, phosphatidylethanolamine binds covalently to
LC3 to form LC3-II, which is associated with the membrane of autophagosomes (18).
We analyzed the LC3-I to LC3-II conversion by Western blot analysis (Fig. 5B and C).
Enhanced formation of LC3-II was observed in M. tuberculosis-infected macrophages
treated with DP and CI994. Subsequently, employing fluorescence microscopy, we

FIG 4 DP and CI994 induce autophagy in human macrophages. (A and B) DP and CI994 treatment of infected
macrophages upregulated the expression of the autophagy-related genes BECN1 and ATG5. Differentiated human THP-1
cells were infected with M. tuberculosis H37Rv for 4 h and treated with DP and CI994 or rapamycin (Rapa). The mRNA levels
of autophagy-related genes ATG5 (A) and BECN1 (B) (normalized to b-actin expression) in THP-1-derived macrophages were
measured by qPCR. Results are shown from 3 independent experiments (mean 6 SD). *#, expression of BECN1 and ATG5 is
significantly different from that in uninfected (UIF) and infected (IF) samples, respectively (P # 0.05). (C) Western blotting of
ATG5, Beclin 1, and b-actin. (D) Densitometric analysis of ATG5 and Beclin 1 bands normalized with that of b-actin. Each
value represents mean 6 SD from triplicate measurements. *#, band intensity of ATG5 and Beclin 1 is significantly different
from that in uninfected (UIF) and infected (IF) samples, respectively (P # 0.05). (E) Immuno-cytochemical imaging shows
levels of Beclin 1 in variously infected macrophages at 24 hpi.

Madhavan et al.

January/February 2021 Volume 6 Issue 1 e00036-21 msphere.asm.org 8

https://msphere.asm.org


tracked the association of green fluorescent protein (GFP)-expressing M. tuberculosis with
autophagosomes in infected macrophages upon treatment with the inhibitors. DP and
CI994 treatment caused an increase in the number of cells with LC3 punctae and showed
an increase in the colocalization of GFP-expressing M. tuberculosis with LC3 autophago-
somes (Fig. 6A; Fig. S6B) compared to the untreated cells. As autophagy progresses, auto-
phagosomes combine with lysosomes to form autolysosomes that carry LC3 and various
lysosome-associated components. To find whether DP/CI994 treatment and IL-12p40 res-
toration affect autolysosome formation, we analyzed the colocalization of endogenous
LC3 and lysosomes by immunostaining with LysoTracker followed by fluorescence micros-
copy. LC3 vesicles were found to be colocalized with lysosomes as clearly seen in Fig. 6B.
Treatment of uninfected normal macrophages with DP and CI994 did not cause an
increase in the levels of LC3, and cells containing lysosomes were not detected (Fig. S6C).

Treatment of infected macrophages with IL-12p40 enhances colocalization of
M. tuberculosis and LC3. We sought to reconfirm whether autophagy activation is
mediated by the IL-12p40 protein in macrophages infected with M. tuberculosis. For
this, mycobacteria-infected cells were treated with recombinant human IL-12p40
(Abcam, USA) for 24 h, after which we examined whether IL-12p40 treatment could

FIG 5 DP and CI994 induce autophagic clearance of bacteria by enhancing the expression of LC3 in human macrophages. THP-1-derived macrophages
were infected with M. tuberculosis expressing GFP (for 4 h) and were treated with DP, CI994, and rapamycin (Rapa). (A) Cells were fixed and stained with
DAPI to visualize the nuclei (blue) with anti-LC3 antibodies followed by the addition of FITC-conjugated mouse IgG (green). One representative
immunofluorescence image out of 3 independent replicates is shown. (B) Representative Western blotting shows the conversion of LC3-I to LC3-II and
b-actin from 3 independent experiments. (C) Densitometric analysis of LC3-II bands normalized with that of b-actin. Each value represents mean 6 SD
from triplicate measurements. *#, LC3 levels are significantly different from those in uninfected (UIF) and infected (IF) samples, respectively (P # 0.05).
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enhance the levels of LC3. IL-12p40 treatment caused an increase in the number of
cells with LC3 punctae and showed an increase in the colocalization of GFP-expressing
M. tuberculosis with LC3 autophagosomes (Fig. 7).

IL-12p40-mediated activation of autophagy depends on the JAK-STAT pathway.
To find the role of pJAK2 and pSTAT4 in the activation of IL-12p40-mediated induction
of autophagy, we assayed their levels in macrophage upon M. tuberculosis infection by
Western blotting (Fig. 8A to C). We observed a significant increase in the levels of phos-
phorylation of JAK2 and STAT4 upon treatment of infected macrophages with DP and
CI994. Treatment of infected cells with a specific JAK2 inhibitor, NSC33994, confirmed
that autophagy is induced via a JAK2-dependent pathway (Fig. 8D). Therefore, we
tested the effect of NSC33994 on the viability of intracellular M. tuberculosis in DP and
CI994-treated macrophages. Interestingly, inhibition of the JAK2 signaling pathway by
NSC33994 was found to be counteractive to the treatment with DP/CI994 and led to the res-
toration of the viability of intracellular M. tuberculosis (Fig. 8D). To investigate the role of
STAT4, we knocked down STAT4 in differentiated macrophages (Fig. S7 at https://rgcb.res.in/
documents/publication/drajay/mSPhere00036-21%20supplemental%20file%20RGCB
.pdf) and infected them with M. tuberculosis. When we treated these infected macro-
phages with DP and CI994, we did not observe any significant reduction in the num-
ber of intracellular M. tuberculosis, confirming the role of STAT4 in inducing IL-
12p40-mediated autophagy (Fig. 8D).

DISCUSSION

Earlier, our laboratory had demonstrated that levels of HDAC1, a ubiquitous sup-
pressor of gene expression, increase in macrophages infected with M. tuberculosis, and
it hypoacetylates histone H3 at the promoter of IL-12B gene (10). The product of this
gene plays a crucial role in initiating Th1 responses after infection with intracellular
pathogens. HDAC1 is usually found in multiprotein corepressor complexes containing
Sin3a, nucleosome-remodeling (NuRD), and CoREST, which are recruited to the pro-
moter region of different genes by transcription factors like Sp1, Sp3, p53, NF-κB, and
YY1 (19). The SIN3A/HDAC complex is recognized as a global transcriptional corepres-
sor. The Sin3a protein provides a platform for multiple protein interactions with its
four-paired amphipathic a-helix motif (20). HDAC1 forms a repressor complex, and its
function is regulated by the proteins it associates with in the complex, which

FIG 6 DP and CI994 induce autophagic clearance of bacteria by enhancing the colocalization M. tuberculosis-
LC3 and LC3-lysosome in human macrophages. THP-1-derived macrophages were infected with the virulent
strain of M. tuberculosis expressing GFP (for 4 h) and treated with DP, CI994, and rapamycin (Rapa). (A)
Distribution of colocalization of GFP-expressing M. tuberculosis and LC3 (red) in macrophages at 24 hpi. (B)
Macrophages were immunostained for LC3 (green) and LysoTracker Red to detect LC3 and lysosome-containing
cells.
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determine the enzymatic activity and recruitment to specific DNA sequences (21).
Phosphorylation of HDACs is one of the most widely studied posttranslational modifi-
cations, and the functional role of HDAC1, its cellular localization, and interaction with
other proteins are regulated by this modification (22). The identity and role of proteins
associated with pHDAC1 during M. tuberculosis infection, and their role in the progress
of infection and pathogenesis, are not known. Time course analysis revealed that
HDAC1 phosphorylation is high at 24 hpi, and we presume that this modification con-
tributes to its ability to bind to its associated proteins. In the present study, mass spec-
trometric analysis of immunoprecipitated pHDAC1-interacting proteins revealed the
presence of an uncommon protein in the complex. We found that in addition to
HDAC1 and Sin3a, the repressor complex in M. tuberculosis-infected macrophages con-
tained the transcriptional repressor ZBTB25. We substantiated the association of
ZBTB25 with HDAC1 and Sin3a by reciprocal coimmunoprecipitation and Western blot
analyses.

ZBTB25 is a transcriptional repressor, and the exact physiological function of the
ZBTB family is not well understood; a few ZBTB proteins have been reported to partici-
pate in tumor progression and chromatin remodeling and have a repressive role in the
differentiation and activation of T cells (23, 24). It has been shown that transcriptional
repressors participate in the progression of a variety of diseases (25–27). In human
lung adenocarcinoma epithelial cells infected with influenza virus, ZBTB25 was found
to interact with the viral RNA-dependent RNA polymerase (RdRp) and to enhance its
transcription. In addition, ZBTB25 suppresses interferon production, further enhancing
influenza viral replication (28). Nonetheless, to the best of our information, any func-
tional role of transcriptional repressors of the ZBTB family involved in bacterial infec-
tion has not been reported. ZBTB25 contains a DNA-binding zinc finger motif at the C
terminus and a protein-binding BTB/POZ domain at the N terminus. Proteins with

FIG 7 Treatment of M. tuberculosis infected-macrophages with IL-12p40 induces autophagy by
enhancing the expression of LC3 and M. tuberculosis-LC3 colocalization. Colocalization of GFP-
expressing M. tuberculosis and LC3 (red) in macrophages at 24 hpi.
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these two conserved domains are categorized as POZ and Krüppel (POK) proteins, also
called the zinc finger and BTB domain (ZBTB) family (29). Genomes of mouse and
human code for more than 40 POK type proteins, which include promyelocytic leuke-
mia zinc finger proteins, ZBTB2, ZBTB7, ZBTB16, and ZBTB20 (30–33).

The present study showed that ZBTB25-associated HDAC1 silencing complex is
recruited to the IL-12B promoter and suppresses expression of the IL-12B gene, thereby
downregulating the host’s Th1 immune responses against intracellular bacterial patho-
gens. This generates a beneficial environment for M. tuberculosis inside the macro-
phages. Presumably, the protein-binding domain of ZBTB25 interacts with HDAC1, and
the DNA-binding domain binds to the IL-12B promoter sequences, respectively, since
this protein has both DNA-binding and protein-binding domains (29). We confirmed
this interaction by in silico docking, immunoprecipitation and chromatin immunopreci-
pitation, and confocal microscopy. In addition, we found that DP, inhibitor of ZBTB25,
blocked the recruitment of HDAC1 silencing complex to the IL-12B promoter. DP is a
zinc ejector that abrogates the functionality of the zinc finger domain (34, 35) and has
been reported to inactivate the zinc finger nucleocapsid of HIV-1 (36). Labile zinc finger
core is the typical target for zinc-ejecting drugs. Some zinc finger cores are vulnerable
to electrophilic agents and can function as promising drug targets for cancer and viral
therapeutics, including SARS-CoV-2 (37). While not all zinc finger proteins have a labile
zinc finger core, ZBTB25 is reported to have one (28). We report that DP is an effective zinc
ejector drug against ZBTB25, and its IC50 value (4.61 mM) is less than that of other zinc

FIG 8 IL-12p40-mediated activation of autophagy depends on the JAK-STAT pathway. (A) Status of pJAK2 and pSTAT4 in infected
macrophages after treatment with DP and CI994. (B and C) Densitometric analysis of pJAK2 (B) and STAT4 (C) bands normalized with that of
b-actin. Each value represents mean 6 SD from triplicate measurements. *, band intensity is significantly different from infected (IF) samples
individually treated with inhibitors, respectively; P # 0.05. (D) Infected THP-1-derived macrophage cells were treated with JAK2 inhibitor
NSC33994 along with DP and CI994. THP-1-derived macrophages deficient in STAT4 were treated with DP and CI994. Intracellular bacterial
viability was determined based on the number of CFU. Isolation of bacilli from the macrophages was carried out at 24 h. The number of
viable bacilli in each of the plate was assayed by plating lysed macrophages on 7H10 agar plates and incubating the plates at 37°C for 3
weeks and counting the CFU. Each value represents mean 6 SD from triplicate measurements. *, survival is significantly different from
infected (IF) sample; P # 0.05.
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ejector drugs like DS and 2-NB. Lee et al. (35) have reported that DP can inhibit various
zinc finger proteins, but the inhibition is specifically dependent on the concentration of
DP used; the IC50 value of DP of 4.61 mM toward ZBTB25 is lower than that of many other
zinc finger proteins reported (ubiquitin-like with PHD and ring finger domains 1 [UHRF1],
7.46mM; BHC80, 8.14mM; TRAF6, 8.7mM; and DNMT3L, 5.13mM).

Since CI994 is a class I HDAC inhibitor, we assessed the specificity of inhibition of
the same toward HDAC1, HDAC2, and HDAC3. We found that it most effectively inhib-
ited HDAC1 (at 0.52 6 0.03 mM) followed by HDAC2 and HDAC3 (1.09 6 0.07 mM and
1.54 6 0.09 mM, respectively). This finding is consistent with a previous study by Zhou
et al. (38), who determined the inhibitory concentrations of CI994 toward HDAC1,
HDAC2, and HDAC3 as 0.41 mM, 0.9 mM, and 1.2 mM, respectively. HDAC8 is inhibited
by CI994 at concentrations above 100 mM (39). Our studies in macrophages infected
with M. tuberculosis suggested that 20 mM DP is required to prevent the recruitment of
ZBTB25 to the IL-12B promoter. Similar to DP, the recruitment of HDAC1 to the IL-12B
promoter was found to be reduced significantly at $15 mM concentration.

We further found that knocking down of ZBTB25 disrupts the recruitment of
HDAC1 to the IL-12B promoter and subsequently derepresses the gene expression.
Thus, ZBTB25 plays a crucial role in the recruitment of HDAC1 silencing complex to the
IL-12B promoter in macrophages infected with M. tuberculosis in vitro. Treatment with
the combination of DP and CI994 significantly reduced the amount of viable M. tuber-
culosis in infected macrophages. Phenylbutyrate, a pan-HDAC inhibitor, has been
shown to induce CAMP/LL-37 gene expression in macrophages and inhibit M. tubercu-
losis growth (40).

The results from our study show that the inhibition of ZBTB25 and HDAC1 increases
the levels of IL-12p40 (a subunit of the cytokine IL-12) in macrophages infected with M.
tuberculosis. Since IL-12 has been shown to be an activator of autophagy (41), we
investigated if autophagy can be induced in THP-1-derived macrophages by treating
them with DP and CI994. Autophagy is one of the homeostatic machineries mediated
through lysosomes, and it acts as an inherent defense mechanism against M. tuberculo-
sis infection. Host innate immunity uses autophagy to clear M. tuberculosis and other
intracellular pathogens (40, 42, 43). Macrophages phagocytose and sequester M. tuber-
culosis in phagosomes, which can then fuse with lysosomes for bacterial degradation.
However, Gutierrez et al. showed that M. tuberculosis has the ability to survive and
grow inside macrophages by preventing phagosome-lysosome fusion (44). They
showed that starvation or treatment of macrophages with rapamycin increases M. tu-
berculosis colocalization with LC3 and Beclin 1 and transfers M. tuberculosis to phagoly-
sosomes for subsequent autophagy. Autophagy induction can be harnessed toward
stimulating macrophage defense against M. tuberculosis (45). It has been shown that
antiprotozoal drug nitazoxanide and its active metabolite tizoxanide strongly stimulate
autophagy and inhibit signaling by mechanistic target of rapamycin complex 1 (mTORC1),
a major negative regulator of autophagy, and inhibit M. tuberculosis proliferation in
infected human THP-1 cells and peripheral monocytes (46). Antimycobacterial drugs like
isoniazid and pyrazinamide have been shown to induce autophagy and phagosomal mat-
uration in M. tuberculosis-infected host cells (47). Loperamide and the cholesterol-lowering
drug statin were also reported to induce autophagy and phagosomal maturation and
reduce intracellular growth of M. tuberculosis in infected macrophages, suggesting that
host autophagy plays a key role in host immune responses during drug administration
against TB (48, 49). We here showed that treatment of THP-1-derived macrophages with
DP and CI994 restores the levels of IL-12p40 and leads to the activation of major autopha-
gic markers, enhances intracellular LC3 distribution, and causes colocalization of M. tuber-
culosis with LC3. Moreover, treatment of M. tuberculosis-infected macrophages with IL-
12p40 enhanced the levels of LC3 and colocalization of M. tuberculosis and LC3 in the
autophagosome, suggesting a critical role of IL-12p40 in the induction of autophagy.
These observations suggest that treatment of macrophage with DP and CI994 could be an
effective antimicrobial strategy against intracellular M. tuberculosis by inducing autophagy.
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Interestingly, Jung et al. (50) showed that IL-12 is involved in antimicrobial action by acti-
vating the fusion of phagosome and lysosome via interferon gamma (IFN-g). Although IL-
12-induced autophagy has been reported in breast cancer cells, human macrophages, and
lung epithelial cells (41, 51), the precise function of IL-12 in inducing this process is not yet
clearly understood.

IL-12 activates tyrosine phosphorylation of Janus family tyrosine kinases JAK2 and
Tyk2, suggesting the involvement of these kinases in the biochemical response to IL-
12. The substrates for the JAKs are the family of latent cytoplasmic transcription factors
termed STATs (52). The presence of the phosphotyrosine dimer in STATs is vital in tar-
get gene activation (53). Bacon et al. have demonstrated that IL-12 induces tyrosine
phosphorylation of STAT4 in lymphocytes (54). Thus, IL-12 is the major cytokine that
can activate STAT4, synthesized predominantly by dendritic cells, macrophages, and
human B-lymphoblastoid cells (55). To study the mechanism by which IL-12p40 acti-
vates autophagy, we evaluated the status of JAK2 and STAT4 in the macrophages
infected with M. tuberculosis. Enhanced phosphorylation of JAK2/STAT4 was observed
in infected macrophages upon DP/CI994 treatment, which suggests the involvement
of IL-12p40 in the phosphorylation of JAK2 and STAT4. Inhibition of JAK2 by specific in-
hibitor NSC33994, and knocking down of STAT4, also led to an increase in intracellular sur-
vival ofM. tuberculosis through inhibition of DP/CI994-induced autophagy. Taken together,
these results clearly demonstrate that DP and CI994-mediated restoration of IL-12p40 lev-
els induces autophagy by phosphorylating JAK2 and STAT4 that eventually kills intracellu-
lar M. tuberculosis (Fig. 9). However, it remains to be seen whether the effect is brought
about by IL-12p40 per se or by IL-12.

Host-directed therapy (HDT) is a novel method suggested for the treatment of in-
fectious diseases, where host response is enhanced by treatment with different drugs,
with or without antimicrobials, to achieve a better outcome. HDT drugs target autoph-
agy, vitamin D pathway, and anti-inflammatory responses (56, 57). Jayaswal et al. (58)
highlighted the importance of host factors that regulate intracellular survival of M. tu-
berculosis through an siRNA screen in J774.1 murine macrophage cells. They could
identify host factors such as TGFbRI and CSNK1, and their inhibition substantially
reduced the number of intracellular M. tuberculosis in J774.1 cells as well as in primary
murine macrophages. Pharmacological inhibition of the AKT/mTOR pathway in host
reduces intracellular growth of M. tuberculosis in human PBMCs and in vivo in a model
of murine tuberculosis (59). Targeted inhibition of NF-κB activation decreases viability

FIG 9 Proposed model for the induction of autophagy and killing of M. tuberculosis mediated by the inhibition of ZBTB25
and HDAC1. (A) Status of IL-12B expression upon M. tuberculosis infection. HDAC1-Sin3a-ZBTB25 complex suppresses IL-12B
expression in macrophages. (B) Treatment of infected macrophages with inhibitors DP and CI994 derepresses IL-12B
expression and induces autophagy and killing of M. tuberculosis through the JAK2/STAT4 pathway. Stars indicate
phosphorylated forms of proteins.
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of intracellular M. tuberculosis in human macrophages (60). HDAC6 inhibitor tubastatin
A has been shown to reduce M. tuberculosis survival in an in vivo murine model (61).
The pan-HDAC inhibitor trichostatin A and class IIa HDAC inhibitor TMP195 have been
shown to be very effective in reducing M. tuberculosis infection in primary human mac-
rophages and a Mycobacterium marinum-zebrafish infection model (62). Rao et al. (63)
evaluated the possibility of HDAC inhibitors valproic acid and suberoylanilide hydroxa-
mic acid to enhance the activity of first-line anti-TB drugs to inhibit the growth of intra-
cellular M. tuberculosis.

We carried out this study to identify host proteins other than HDACs that could also be
used as a target for HDT. As our proteomic analysis revealed that ZBTB25 is an integral
component of the HDAC1/Sin3a repressor complex that repressed expression of IL-12B,
we tested if its inhibition could bring about an effect similar to that caused by the inhibi-
tion of HDAC1. Our inhibition and knockdown studies demonstrated that ZBTB25 is an
equally worthy target, as its inhibition resulted in the derepression of IL-12B expression. DP
was found to be more effective in killing intracellular M. tuberculosis than CI994 (65% and
53% killing, respectively). However, the combination of DP and CI994 did not show a cu-
mulative effect in killing intracellular bacteria and was only slightly better (72% killing)
than DP alone. These observations suggest that ZBTB25, like HDAC1, is an attractive target
for a possible host-directed therapeutic intervention to treat tuberculosis.

MATERIALS ANDMETHODS
Bacterial strains. M. tuberculosis strains H37Rv and M. tuberculosis H37Rv expressing GFP constitu-

tively were used in the current study, and these M. tuberculosis strains were handled in a biosafety level
3 (BSL3) facility. Middlebrook 7H9 broth (Difco, USA) supplemented with 10% oleic acid-albumin-dex-
trose-catalase (OADC) (Becton, Dickinson, USA), 0.4% glycerol, and 0.05% Tween 80 was used to grow
the M. tuberculosis strains. Bacteria in the mid-log phase were centrifuged, washed, and resuspended in
RPMI medium containing fetal bovine serum (FBS) (10%). The suspension was dispersed by aspirating
several times and vortexed until no bacterial clumps were visible and allowed to stand for 5 min. The
upper half of the suspension was collected (absorbance of 0.15 at 600 nm corresponds to;3� 108 bacteria)
to perform various experiments.

Resazurin microtiter assay. Resazurin microtiter assay (REMA) was performed as described by Martin
et al. (64). In short, the turbidity of M. tuberculosis culture was adjusted to 0.15 units at 600 nm and diluted
20 times. The diluted bacterial suspension was added to the wells of a 96-well microtiter plate (Nunc;
Thermo Fisher Scientific, Denmark) containing 100 ml of dithiopyridine (DP; Sigma-Aldrich, USA) and CI994
(Sigma-Aldrich, USA) or rifampicin (Sigma-Aldrich, USA) solutions. The microtiter plates were incubated for 7
days with appropriate controls. After incubation, the minimum inhibitory concentration (MIC) was deter-
mined by adding resazurin (30ml of 0.02% aqueous solution) to each well. A blue color of the culture would
indicate inhibition of bacterial growth, whereas a pink color would indicate the presence of viable bacteria.

Cytotoxicity assay by MTT. The MTT assay was performed as described by Mosmann (65). Briefly,
10,000 cells were seeded per well in a 96-well plate. They were treated with DP and CI994 and incubated
for 48 h at 37°C in the presence of 5% CO2. Ten microliters of MTT [3-(4,5-dimethylthiazole-2-yl)-2,5-di-
phenyl tetrazolium bromide] dye (5 mg/ml) were added to each well, and after 4 h, the reaction was ter-
minated by adding 200 ml of dimethyl sulfoxide (DMSO) to dissolve the formazan crystals. This was read
at 540 nm on an ELISA reader (Bio-Rad, USA).

Zinc ejection assay. The release of zinc ions from ZBTB25 protein was detected by the fluorescence
emitted from the zinc-specific fluorophore FluoZin-3 (Life Technologies, USA). ZBTB25 protein (Novus
Biologicals, USA) was treated with various concentrations of DP, disulfiram (DS; Sigma-Aldrich, USA), 2-
nitrobenzoic acid (2NB; Sigma-Aldrich, USA), and FluoZin-3 (5 mM) at room temperature. Fluorescence
emission was monitored at an excitation wavelength of 494 nm and emission wavelength of 516 nm for
20 min.

HDAC inhibition assay. The assay was performed using HDAC inhibition assay kit (Cayman Chemicals,
USA), according to the manufacturer's protocol. Ten microliters of CI994 (different concentrations) or positive
control (Trichostatin A, 10 ml) were added to the mixture of assay buffer (140 ml) and respective HDACs (10
ml). The reaction was initiated by adding HDAC substrate (10ml) and incubated for 30 min at 37°C with mild
shaking (75 rpm). After the incubation, the developer solution (40ml) was added to each well and incubated
at room temperature for 15 min. The fluorescence developed was measured using an excitation wavelength
of 340 to 360 nm and an emission wavelength of 440 to 465 nm. The percentage of HDAC inhibition was cal-
culated as follows:

HDAC inhibition %ð Þ ¼ initial activity2 activity after inhibition
initial activity

� �
� 100

Infection of THP-1-derived macrophage cells with M. tuberculosis H37Rv. RPMI 1640 medium
containing FBS (10%), L-glutamine (2 mM), HEPES (25 mM), and Na2CO3 (1.5 g/liter) was used to culture
THP-1 cells at 37°C and in the presence of 5% CO2. THP-1-derived macrophages were treated with
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phorbitol 12-myristate 13-acetate (PMA) (20 ng/ml) for 24 h to differentiate them into macrophages. The
differentiated cells were mixed with M. tuberculosis at 20:1 multiplicity of infection (MOI) and were incu-
bated for 4 h at 37°C in the presence of 5% CO2 to facilitate phagocytosis. Cells were then washed four
times with complete RPMI containing gentamicin (10 mg/ml) to remove extracellular bacilli, and fresh
medium was added to the cells. For experiments in which inhibitors were used, specific inhibitors were
added after phagocytosis. Final concentrations of the inhibitors were 20 mM/ml DP, 15 mM/ml CI994,
and 100 nM/ml rapamycin.

Apart from THP-1-derived macrophage cells, primary macrophages obtained from peripheral blood
mononuclear cells (PBMC; Sigma) were also used in the study. PBMCs were incubated at 37°C in the
presence of 5% CO2 for 2 h. The nonattached cells were removed by washing thrice with RPMI 1640. The
remaining attached cells were grown in RPMI supplemented with FBS (10%), incubated for 4 days to dif-
ferentiate them into macrophages, and infected with M. tuberculosis.

Transfection of macrophages with siRNA and infection withM. tuberculosis. THP-1 cells grown in
Opti-MEM medium (Invitrogen, Carlsbad, USA) were differentiated and transfected (HiPerFect transfec-
tion reagent; Qiagen, Valencia, CA, USA) with 60 pmol of siRNA (Santa Cruz Biotechnologies, USA) for 36
h. Transfected cells were infected with M. tuberculosis H37Rv at an MOI of 20:1. Cells transfected with
scrambled siRNA served as control.

Confocal microscopy. Differentiated THP-1 cells were infected with M. tuberculosis H37Rv and M. tu-
berculosis H37Rv expressing GFP and were incubated for 4 h to facilitate phagocytosis. Cells were then
washed four times with complete RPMI containing gentamicin (10 mg/ml) to remove extracellular bacilli,
and fresh medium was added to the cells. Cells were fixed with paraformaldehyde (4%), incubated with
methanol for 20 min at 220°C, and then blocked with phosphate-buffered saline (PBS) containing bovine
serum albumin (BSA) (3%, wt/vol), and Triton X-100 (0.3%, vol/vol). The cells were incubated for 1 h at
room temperature with anti-rabbit or anti-mouse primary antibodies against pHDAC1 (EMD Millipore,
USA), ZBTB25 (Sigma-Aldrich, USA), LC3 (Santa Cruz Biotechnology, USA), ATG5 (Santa Cruz Biotechnology,
USA), and BECN1 (Santa Cruz Biotechnology, USA), washed, and incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-rabbit secondary antibody (Sigma-Aldrich, USA) or Alexa 488/Alexa 592 anti-rabbit
or anti-mouse secondary antibody (Thermo Fisher, USA) for 1 h at room temperature. Cells were counter-
stained with 49,6-diamidino-2-phenylindole (DAPI) for DNA. To detect lysosomes, cells were incubated
with LysoTracker Red (Thermo Fisher Scientific, USA). Rapamycin (Sigma-Aldrich, USA) was used as a posi-
tive control for autophagy induction.

Immunoprecipitation. Differentiated THP-1 cells (infected and uninfected) were harvested, washed
with PBS, and then extracted with immunoprecipitation (IP) lysis buffer for 30 min at 4°C. Specific pri-
mary antibodies or rabbit IgG was added to the lysates of infected and uninfected cells and incubated
overnight at 4°C. Protein-A/G-coated Sepharose beads were added to the antibody-protein mixture and
incubated for 2 h at 4°C. Beads were washed five times with lysis buffer, and the proteins were eluted in
0.2 M glycine and precipitated with trichloroacetic acid (TCA; 10%) in cold acetone (wt/vol). The precipi-
tate was dissolved in 50 mM ammonium carbonate and was subjected to LC-MS/MS analysis. For
Western blotting, the immune complexes were eluted in SDS-PAGE sample buffer (0.0005% bromophe-
nol blue, 10% glycerol, 2% SDS, and 63 mM Tris-HCl, pH 6.8).

Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP) was carried out based on
the manufacturer's protocol (Abcam, UK). In brief, the infected and uninfected macrophages were treated
with 4% formaldehyde in PBS for 10 min and washed with PBS. Cells were lysed with ChIP lysis buffer, and
the chromatin was sheared by sonication (Bioruptor; Diagenode, Belgium) with pulse conditions 30 s on, 30
s off for 25 cycles at 4°C followed by centrifugation (14,000 rpm for 15 min at 4°C). Antibodies against
HDAC1, ZBTB25, Sin3a, or IgG were used to immunoprecipitate the chromatin fragments in the supernatant
by overnight incubation using protein A Sepharose beads (Abcam, UK) at 4°C. The beads were washed twice
with wash buffer, DNA was eluted off the beads, and the purified DNA was subjected to PCR. Primers used
for PCR amplification of specific gene promoters are listed in Table S2 at https://rgcb.res.in/documents/
publication/drajay/mSPhere00036-21%20supplemental%20file%20RGCB.pdf.

Molecular docking. To infer the interaction between HDAC1 and ZBTB25, we performed docking
studies by utilizing AutoDock 4 software (66).

Western blotting. Nuclear extracts (using NE-PER nuclear extraction kit; Thermo Fisher Scientific,
USA) and whole-cell lysates (using radioimmunoprecipitation assay [RIPA] buffer; Sigma, USA) were pre-
pared from M. tuberculosis-infected macrophages (MOI of 20:1). Proteins were separated on SDS-
polyacrylamide (12%) gels, transferred to Immobilon-P polyvinylidene fluoride membranes (Millipore,
Billerica, MA, USA), and probed with protein-specific primary antibody. Horseradish peroxidase (HRP)-
conjugated anti-rabbit secondary antibody was added to visualize the proteins by chemiluminescence,
and image quantification was carried out using ImageJ software (NIH, USA). Relative intensity of specific
proteins was plotted with respect to the band intensity of histone H3 or actin.

Quantitative real-time PCR. The total RNA was isolated from macrophages (infected and unin-
fected) using NucleoSpin RNA extraction kit (Macherey-Nagel, Germany) according to the manufacturer's
protocol. RNA (1 mg) was converted to cDNA using the GoScript reverse transcription system (Promega,
Madison, WI). The cDNA synthesized was used for qPCR using the iQ SYBR green SuperMix (Bio-Rad
Laboratories, Hercules, CA) on an iCycler iQ real-time PCR detection system (Bio-Rad, USA). Fold changes
in gene expression levels were calculated and were normalized to human actin. The list of quantitative
real-time PCR (qPCR) primers (from Sigma-Aldrich, USA) is shown in Table S2.

ELISA. The IL-12p40 in cell supernatants of infected and uninfected macrophages was quantified
using BD OptEIA Human IL-12(p40) ELISA kit (Abcam, UK) as per the manufacturer's directives.
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Intracellular survival assays for M. tuberculosis. The THP-1-derived macrophage cells were
infected with M. tuberculosis as described elsewhere. After 4 h, cells were washed four times with com-
plete RPMI medium containing gentamicin (10 mg/ml) to remove extracellular bacilli, and fresh medium
was added. Cells were harvested at 24 h after infection. The monolayers of macrophages were washed
with PBS and lysed with SDS (0.06%) in 7H9 medium, and the lysate was spread on 7H10 agar plates and
incubated at 37°C to determine the intracellular CFU. After 3 weeks, the bacterial colonies on the plates
were counted. The experiment was performed in triplicates.

Statistical analysis. The data were expressed as mean values with their standard deviations. The
results were analyzed by nonparametric analysis of variance (ANOVA). A P value of ,0.05 was consid-
ered significant.
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