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ABSTRACT
The discovery of promising cytokines and clarification of their immunological mechanisms in controlling the intracellular
fate of Mycobacterium tuberculosis (Mtb) are necessary to identify effective diagnostic biomarkers and therapeutic
targets. To escape immune clearance, Mtb can manipulate and inhibit the normal host process of phagosome
maturation. Phagosome maturation arrest by Mtb involves multiple effectors and much remains unknown about this
important aspect of Mtb pathogenesis. In this study, we found that interleukin 16 (IL-16) is elevated in the serum
samples of Tuberculosis (TB) patients and can serve as a specific target for treatment TB. There was a significant
difference in IL-16 levels among active TB, latent TB infection (LTBI), and non-TB patients. This study first revealed
that macrophages are the major source of IL-16 production in response to Mtb infection, and elucidated that IL-16
can promote Mtb intracellular survival by inhibiting phagosome maturation and suppressing the expression of Rev-
erbα which can inhibit IL-10 secretion. The experiments using zebrafish larvae infected with M. marinum and mice
challenged with H37Rv demonstrated that reducing IL-16 levels resulted in less severe pathology and improved
survival, respectively. In conclusion, this study provided direct evidence that Mtb hijacks the host macrophages-
derived interleukin 16 to enhance intracellular growth. It is suggesting the immunosuppressive role of IL-16 during
Mtb infection, supporting IL-16 as a promising therapeutic target.
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Introduction

Tuberculosis (TB) is a global health issue caused by
Mycobacterium tuberculosis (Mtb) infection [1, 2].
In 2021, approximately 10.6 million individuals were
affected by TB, resulting in 1.6 million deaths world-
wide and significant social and economic burdens [3,
4]. One of the main factors contributing to such a
huge death toll is the limitations of current diagnostic
tests and the difficulty of treating tuberculosis,
especially when multidrug-resistant tuberculosis is
present [5]. In the treatment of Tuberculosis, in
addition to the development of new anti-tuberculosis
drugs, immunotherapy to enhance the level of host

immune response and attenuate host immune-inflam-
matory damage is gradually gaining attention [6]. A
wide variety of immunological agents are currently
available, including vaccines (inactivated bacterial vac-
cines in combination with chemotherapy or genetic
vaccination) [7], cytokines (to enhance the Th1
response and inhibit the Th2 response) [8], non-
specific agents (to non-specifically modulate host
immune function) and several chemical agents.
Although some progress has been made in immu-
notherapy for TB, immunological agents have a slow
clinical onset of action, and some of the drugs are
“double-edged swords”, so they should still be treated

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group, on behalf of Shanghai Shangyixun Cultural Communication Co., Ltd
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been
published allow the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

CONTACT Wenhong Zhang zhangwenhong@fudan.edu.cn State Key Laboratory of Genetic Engineering, School of Life Sciences, Department of
Infectious Diseases, Shanghai Key Laboratory of Infectious Diseases and Biosafety Emergency Response, National Medical Center for Infectious Diseases,
Huashan Hospital, Fudan University, Shanghai 200433, China; Shanghai Sci-Tech Inno Center for Infection & Immunity, Shanghai, 200052, China; Ying Xu

yingxu2520@fudan.edu.cn State Key Laboratory of Genetic Engineering, School of Life Sciences, Department of Infectious Diseases, Shanghai Key
Laboratory of Infectious Diseases and Biosafety Emergency Response, National Medical Center for Infectious Diseases, Huashan Hospital, Fudan University,
Shanghai 200433, China; Shanghai Sci-Tech Inno Center for Infection & Immunity, Shanghai, 200052, ChinaPeople’s Republic of ChinaPeople’s Republic of
China
*These authors contributed equally to the work.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/22221751.2024.2322663.

Emerging Microbes & Infections
2024, VOL. 13, 2322663 (16 pages)
https://doi.org/10.1080/22221751.2024.2322663

http://crossmark.crossref.org/dialog/?doi=10.1080/22221751.2024.2322663&domain=pdf&date_stamp=2024-02-29
http://creativecommons.org/licenses/by-nc/4.0/
mailto:zhangwenhong@fudan.edu.cn
mailto:yingxu2520@fudan.edu.cn
https://doi.org/10.1080/22221751.2024.2322663
http://www.iom3.org/
http://www.tandfonline.com


with caution. Immunological and therapeutic research
on tuberculosis has not yet achieved a breakthrough,
as the understanding of the pathogenesis of tuberculo-
sis and the mechanisms of protective immunity
remains a challenge; the mechanisms of immunother-
apy have not yet been clarified, and immunotherapy
remains an empirical quest.

Understanding the underlying mechanisms of Mtb
is crucial for identifying potential therapeutic targets
[9]. When Mtb enters the lungs through the respirat-
ory tract, it is engulfed by alveolar macrophages [10,
11]. Mtb prefers residing in phagosomes, which sub-
sequently fuse with lysosomes to form phagolysosome
[12, 13]. This fusion initiates the elimination of Mtb
through various pathways, including antigen presen-
tation, apoptosis, and autophagy [14–16]. It is well-
established that cytokines play a pivotal role in regu-
lating Mtb survival within macrophages [17]. IFN-γ,
a cytokine known for conferring microbicidal compe-
tence to macrophages, is reported to control Mtb
infection and promote its clearance [18]. IFN-γ facili-
tates the conversion of bacterial phagosomes into pha-
golysosomes, leading to mycobacterial elimination
[19]. Conversely, IL-10, an immunosuppressive cyto-
kine, is unable to induce the maturation of mycobac-
terial phagosomes into phagolysosomes [20, 21]. IL-16
is a multifunctional cytokine that has been associated
with various inflammatory conditions and bacterial
infection [22]. For instance, IL-16 has been shown to
promote T. whipplei replication by modulating macro-
phage activation [23] and contribute to T cell inacti-
vation and excessive inflammation in response to
Staphylococcus aureus infection [24]. However, the
specific role and mechanism of IL-16 in regulating
the intracellular fate of Mtb remain largely unknown.

Phagosome maturation is a complex multi-step pro-
cess and there are multiple Mtb protein and lipid effec-
tors that are thought to play a role in arresting
phagosome maturation [25]. However, the specific
function(s) of effectors and the interplay between effec-
tors remains to be determined. It also remains unclear if
all the effectors of this process are known. The gaps in
our understanding are partly due to redundancy
among effectors and the potential for effectors to have
functions in other aspects ofMtb pathogenesis or physi-
ology beyond phagosome maturation arrest [26, 27].
These features of effectors make it difficult to study
the contribution of individual effectors to phagosome
maturation arrest using loss of function mutants [28].

In this study, we found that IL-16 was significantly
increased in the serum of patients with active tuberculo-
sis compared to patients with LTBI. Mechanistically, IL-
16, mainly secreted by macrophages during mycobac-
terium infection, affects bacilli survival by interfering
with the phagolysosome conversion and reversing
Rev-erbα expression. IL-16 deficiency alleviated bacteria
load and attenuated the pathology in M. marinum-

infected larvae zebrafish and H37Rv-infected mice.
Moreover, neutralizing IL-16 enhanced the pathogen
clearance in mice during the early stages of mycobacter-
ial infection, IL-16-deficient mice that also showed tol-
erance to Mtb. Collectively, these results indicate the
immunosuppressive role of IL-16 during Mtb infection,
supporting IL-16 as a promising target for treatment TB.

Results

The level of IL-16 is increased in Mtb-infected
patients and mice

To investigate the cytokine involvement in the plasma
response of human patients with TB, we categorized
the patients into four groups: active TB, treated-TB (3
months post anti-TB chemotherapy), LTBI and healthy
donors and assessed the concentrations of 40 host mar-
kers in their serum samples using a multiplex cytokine
platform. Our findings revealed elevated levels of bio-
markers such as IL-10, IL-13, TNF-α, IL-16 and
Eotraxin in individuals with active TB, treated-TB and
LTBI compared to healthy donors. Notably, we
observed a specific increase in IL-16 expression in
serum samples from patients with active TB disease
when compared to those with treated-TB and LTBI
(Figure 1(a)). To validate the findings from chip analy-
sis, enzyme-linked immunosorbent assay (ELISA) was
performed to measure the IL-16 level in a larger set of
serum samples. The results confirmed that patients
with active Mtb infection exhibited a distinct elevation
in IL-16 levels in serum samples compared to individ-
uals treated for TB and LTBI (Figure 1(b)). Similarly,
mice infected with active Mtb showed a significant
increase in IL-16 production in serum samples (Figure
1(c)), BALF samples (Figure 1(d)), and lung homogen-
ates (Figure 1(e)), indicating a significant rise in IL-16
production during active Mtb infection in both humans
andmice.We used another cohort to validate the differ-
ence in IL-16 secretion and showed significantly higher
serum levels of IL-16 in the active TB group (137
TSPOT-positive cases) compared to patients with lung
tumours (n = 33) and NTM infected patients (n = 112)
(p<0.01) (Supplementary Fig. 1A). In addition, IL-16
concentration was also effective in differentiating active
TB from LTBI patients (31 TSPOT positive cases)
(AUC = 0.7526) (Supplementary Fig. 1A and 1B).

Macrophages are a major source of IL-16
secretion after mycobacterium infection

Next, we investigated the induction of IL-16 secretion
in mycobacterium-infected macrophages. Analysis of
lung cells from mice three weeks after Mtb infection
revealed that IL-16-positive cell populations, predomi-
nantly macrophages (CD45+F4/80+), accounted for a
significantly higher proportion of cells than T cells
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(CD3+), Neutrophils (CD11b+Ly6G+), and Dendritic
cells (CD24+CD103+) (Figure 2(a) and Supplementary
Fig. 2A). Furthermore, it has also been shown that
macrophages derived from human monocytes after
M. maritimus infection have a strong capacity to
secrete IL-16 (Supplementary Fig. 2B), and the level
of IL-16 increased with higher ratios of bacteria to
monocyte-derived macrophages (Figure 2(b)). Macro-
phages secreting IL-16 were also identified through
immunostaining for IL-16 in response to M.marinum
challenge in THP-1 and RAW 264.7 cells (Figure 2(c)
and Supplementary Fig. 2C). Moreover, monocyte-
derived macrophages infected with the virulent strain
H37Rv, non-virulent strain H37Ra and BCG exhibited
increased IL-16 production (Figure 2(d)), whereas a
lower level of IL-16 was measured in response to infec-
tion with M.smegmatis (Figure 2(d)). Notably, we
observed a restoration of IL-16 production in mono-
cyte-derived macrophages infected with M.smegmatis
overexpressing RD1 from Mtb (Figure 2(e)).

To investigate the role of macrophages as a primary
source of IL-16 production in response to the

mycobacterium challenge in vivo, we conducted
macrophage depletion experiments using clodronate
liposomes administered intravenously (200 μL). The
following day, the mice were intranasally infected
with 3.0×106 CFU H37Ra in 100 μL PBS, followed
by another injection of 100 μL clodronate liposomes
on day 3. On day 6 post-infection, we collected
serum and BALF samples from the mice to measure
IL-16 levels (Figure 2(f)). Our findings revealed a sig-
nificant decrease in IL-16 production in both the
serum and BALF samples of H37Ra-infected mice
(Figure 2(g)), indicating the importance of macro-
phages as mediators of IL-16 secretion during Mtb
infection. Notably, H37Ra-infected severe combined
immune deficiency (SCID) mice, which lack T and B
cells, also exhibited reduced IL-16 levels in BALF com-
pared to wild-type (WT) mice (Supplementary Fig. 2D
and 2E). Previously, it has been shown that the
TNFR1/caspase-3/8 signaling plays a role in the pro-
cessing of pro-IL-16 to its active form IL-16. Here,
we observed lower levels of IL-16 in M. marinum-
infected monocyte-derived macrophages in which

Figure 1. The level of IL16 is increased in Mtb-infected patients and mice. A The concentrations of 40 host markers in serum
samples from patients with active TB, treated-TB, LTBI or healthy control using a multiplex cytokine platform (n = 5 to 8). B
IL16 production by ELISA in serum samples from patients with active TB, treated-TB, LTBI or healthy control (n = 15 to 31). C
to E Six to 8 weeks old female C57BL/6 mice were challenged intravenously with 1×106 CFU of H37Rv. At 4 or 12 weeks after
infection, the mice were sacrificed to determine IL-16 level in their serum samples (C), Bronchoalveolar lavage fluid (BALF) samples
(D), and lung homogenates (E) (n = 6). Data represent means ± SEM. ∗p < 0.05, by 1-way ANOVA/Tukey’s multiple comparisons
(B); Dots show the individual data, ∗p < 0.05, by Two-tailed Student’s t-test comparing H37Rv and control (C and D).
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TNFR1 and TLR2 were blocked compared to control
cells (Supplementary Fig. 3A). Furthermore, pharma-
cological inhibition of caspase-3/8 activity decreased
IL-16 secretion in monocyte-derived macrophages fol-
lowing M. marinum infection, while incomplete
attenuation of IL-16 production indicated the involve-
ment of other pathways (Supplementary Fig. 3B).
Thus, macrophages are the major source of increased
IL-16 after mycobacterium infection.

IL-16 secretion promotes mycobacterium
survival

To investigate the impact of IL-16 on mycobacterium
entry, we conducted experiments using alveolar
macrophages (AMs) obtained from wild-type (WT)
or IL-16 knockout (Il-16-/-) mice. The AMs were
infected with H37Ra at a multiplicity of infection

(MOI) of 5:1 for 4 h, and the uptake of mycobacteria
was assessed by counting colony-forming units
(CFUs) at 1-hour post-infection (HPI). Surprisingly,
we found that the bacterial load in H37Ra-infected
Il-16-/- AMs was comparable to that of WT cells
(Figure 3(a)). Additionally, when we neutralized or
added IL-16 to macrophages infected with H37Rv
(Supplementary Fig. 4A) orM. marinum (Supplemen-
tary Fig. 4B), we observed no significant difference in
bacterial load compared to the control. These findings
indicate that IL-16 may not affect the entry-level of
mycobacterium in macrophages.

Then, we investigated the potential role of IL-16 in
the intracellular survival of mycobacteria. We
observed that the bacterial load of H37Rv or
M. marinum was significantly higher in monocyte-
derived macrophages treated with recombinant
human IL-16 (rhIL16) compared to control cells

Figure 2. Macrophages are a major source of IL-16 secretion after Mycobacterium infection. A Analysis of lung cells from mice
three weeks after Mtb infection revealed that IL-16-positive cell populations. B IL-16 level was increased as the rate of bacteria
to monocytes-derived macrophages. Monocyte-derived macrophages were infected withM. marinum (MOI = 1:1, 5:1, 10:1) for 4 h.
LPS and TNF were added at a concentration of 10 and 100 μg/mL, respectively. IL-16 in culture supernatants was quantified by
ELISA (n = 6 to 8). C Thp-1 and RAW 264.7 were infected with M. marinum (MOI = 5:1) for 4 h. Three days post-infection (3 dpi), IL-
16 was measured by immunofluorescence using confocal with a 63X oil objective. D and E Monocytes-derived macrophages were
infected with H37Rv, H37Ra, BCG, M.smegmatis (MS) or M. smegmatis overexpressing RD1 (MS-RD1) at an MOI of 3:1 for 4 h. IL-16
production was measured by ELISA. LPS was added at a concentration of 100 μg/mL (n = 3 to 6). F Schematic diagram of lung
macrophage depletion. Mice aged 6 to 8 weeks were administered clodronate liposomes or PBS control liposomes via the intra-
venous route (150 µL) and the intranasal route (50 µL) one day prior to infection. Then, C57BL/6 mice were intravenously chal-
lenged with 3.0×106 CFU of H37Ra in 100 µL PBS. Three days post-infection, the mice were injected with clodronate
liposomes or PBS control liposomes via the intranasal route (50 µL). G IL-16 level in BALF and serum 6 days post-infection, accord-
ing to f (n = 3 to 5). data represent means ± SEM. ∗p < 0.05, by 1-way ANOVA/Tukey’s multiple comparisons (B, D, E); Dots show
the individual data, **p< 0.001, ***p< 0.0001 by Two-tailed Student’s t-test comparing Clodrnote and PBS (G).
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(Figure 3(b) and Supplementary Fig. 5). Conversely,
when IL-16 was neutralized, the number of bacteria
in mycobacterium-infected monocyte-derived macro-
phages decreased (Fig. 3B and Supplementary Fig. 5).
Furthermore, macrophages lacking IL-16 (Il-16-/-)
exhibited lower mycobacterial loads thanWT cells fol-
lowing infection with H37Ra and H37Rv (Figure 3(c,
d)). These findings suggest that IL-16 promotes the
survival of mycobacteria within macrophages.

IL-16 deficiency promotes macrophage
phagosome conversion to clear mycobacteria

To investigate the mechanism of action of IL-16 on the
retention of mycobacterium species in macrophages,
the process of conversion of mycobacterium phagoly-
sosomes was assessed, we infected macrophages from
both WT and Il-16-/- mice with M.marinum (MOI =
10:1) in the presence or absence of recombinant IL-16
protein (10 ng/mL). We observed that IL-16 deficiency
led to an enhanced conversion of M.marinum phago-
somes to phagolysosomes (Figure 4(a,b) and Sup-
plementary Fig. 6). Specifically, at day 2 post-
infection, approximately 80% of M.marinum phago-
somes colocalized with Lamp-1 and cathepsin D in Il-

16-/- macrophages, compared to 50% in WT cells
(Figure 4(c)). Furthermore, the addition of exogenous
IL-16 protein reversed the increased maturation of
M.marinum phagosomes in Il-16-/- macrophages
(Figure 4(a–c)). This phenomenon was also observed
in macrophages infected with H37Rv, where there
was increased co-localization of H37Rv phagosomes
with phagolysosomes in Il-16-/-macrophages compared
to WT cells (75±12% vs. 42±8%, p<0.05; 61±7% vs. 18
±4% at 3 dpi, p<0.05) (Figure 4(d,e) and Supplementary
Fig. 7). Thus, these findings suggest that the absence of
IL-16 rescues the maturation ofmycobacterium phago-
somes inmacrophages. IL-16 is a ligand for CD4, and to
investigate whether macrophage-secreted IL-16 affects
the maturation of phagocytic lysosomes via the CD4
pathway, we used Mycobacterium smegmatis to infect
IL-16-deficient BMDM cells and added 10 ng/mL of
IL-16 to observe lysosomal transformation. It was
found that blocking CD4 and IL-16 with antibodies
was more likely to result in the formation of mature
lysosomes when IL-16 was added compared to the
IgG control (Figure 4(f)). In addition, the PI3K-AKT-
mTOR pathway in macrophages inhibits phagolyso-
some maturation and was significantly inhibited from
activation upon IL-16 stimulation with concomitant

Figure 3. IL-16 secretion controls mycobacterium intracellular survival. A Alveolar macrophages (AMs) from wild-type (WT) or Il-
16-/- mice were infected H37Ra at an MOI of 5:1 for 4 h. The mycobacterium uptake was measured by CFU counting at 1 hpi (n = 7
to 8). B Human monocytes-derived macrophages were pretreated with or without neutralized antibody anti-IL-16 (1 µg/mL), rhL-
16 protein (10 ng/mL) for 18 h, infected with H37Rv (MOI = 3:1) for 4 h. Mycobacterium load was measured by CFU counting at 1,
3, and 7 dpi (n = 4 to 7). C H37Ra load was measured by CFU counting at 1 and 5 dpi, according to (A) (n = 6 to 8). D Bone Marrow-
Derived Macrophages (BMDMs) from WT or Il-16-/-mice were infected H37Rv at an MOI of 3:1 for 4 h. The mycobacterium load was
measured by CFU counting at 0 to 9 dpi (n = 3). *p<0.05 compared to media, Student’s t-test. The graph shown is representative of
2 independent experiments.
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CD4 blockade (Figure 4(g)). The above results suggest
that IL-16 inhibits the maturation of phagocytic lyso-
somes in macrophages through the CD4-activated
downstream pathway.

Suppression of Rev-erbα expression by IL-16
attenuates macrophage response to
mycobacterium infection

In M. maritimus-infected IL-16-deficient BMDM, IL-
10 secretion was significantly decreased compared to
the WT group (Supplementary Fig. 8), and according
to a previous report the level of IL-10 secretion was

strongly associated with Mycobacterium clearance.
The adopted orphan nuclear receptor Rev-erbα and
LXR4 are imperative for transcriptome regulation of
IL-10 [29]. Here, we investigated whether IL-16
plays a role in controlling the expression of nuclear
receptors, specifically Rev-erbα and LXR4, during
mycobacterial infection. Macrophages were pretreated
with neutralizing anti-IL-16 antibody (1 µg/mL), rhIL-
16 protein (10 ng/mL), or left untreated for 18 h.
Then, the macrophages were infected with M.mari-
num (MOI = 5:1) for 4 h, washed to remove unphago-
cytosed bacteria, and incubated for an indicated time
with or without blocking antibodies or rhIL-16.

Figure 4. IL-16 deficiency promoted phagosome conversion in mycobacterium-infected macrophages. A to B WT and Il-16-/-

BMDMs were infected withM.marinum (MOI = 10:1) in the presence or absence of rmL-16 protein (10 ng/mL). On day 2 post-infec-
tion, Rabbit Abs for M. marinum, mouse Abs for Lamp-1 (A), and mouse Abs for cathepsin D (B) were used. C Percent of co-local-
ization of M. marinum and Lamp-1 or cathepsin D, according to A and B. DWT and Il-16-/- BMDMs were infected with H37Rv (MOI
= 3:1) in the presence or absence of rmL-16 protein (10 ng/ml). On day 2 post-infection, Rabbit Abs for H37Rv, mouse Abs for
Lamp-1, and mouse Abs for cathepsin D were used. E Percent of co-localization of H37Rv and Lamp-1 or cathepsin D, according
to D. F Il-16-/- BMDMs were infected with H37Rv (MOI = 3:1) in the presence or absence of rmL-16 protein (10 ng/mL), rabbit anti
CD4 or IL-16 and control IgG were added. On day 2 post-infection, Rabbit Abs for H37Rv, mouse Abs for Lamp-1, and mouse Abs
for cathepsin D were used. G Western blotting analysis was used to examine the activation of PI3 K, AKT, mTOR, according to F.
*p<0.05 compared to media, Student’s t-test. The graph shown is representative of 2 independent experiments.
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Immunofluorescence staining was used to detect the
nuclear expression of Rev-erbα and LXR4 at 3 dpi.
The results showed that treatment with rhIL-16 inhib-
ited the expression of Rev-erbα in M.marinum-
infected macrophages compared to the control
group (Figure 5(a)). Neutralization of IL-16 increased
the nuclear recruitment of Rev-erbα. However, IL-16
had no effect on the expression of LXR4 or other
nuclear receptors (Figure 5(b)). Western blot analysis
confirmed the reduced expression of Rev-erbα in the
presence of rhIL-16 (Figure 5(c)). Moreover, the

protein level of Rev-erbα was higher in Il-16-/- macro-
phages compared to WT cells (Figure 5(d)).

To investigate the mechanism by which IL-16 inhi-
bits Rev-erbα expression, we examined the expression
of Pro-IL16, the precursor form of IL-16, in the
nucleus of macrophages following M.marinum infec-
tion (Figure 5(e)). Based on this observation, we
hypothesized that Pro-IL16 might repress Rev-erbα
expression by recruiting a Pro-IL16/GAPBAα/
HDAC3 transcriptional inhibition complex, as pre-
viously reported to control gene expression [30].

Figure 5. IL-16 production repressed Rev-erbα expression in macrophages response to mycobacterium challenge. A and B Mono-
cyte-derived macrophages were pretreated with or without neutralized antibody anti-IL-16 (1 µg/mL) or rhIL-16 protein (10 ng/
mL) for 18 h. Then, the cells were infected with M. marinum (MOI = 5:1) for 4 h. Afterward, the cells were washed to remove
unphagocytosed bacteria and further incubated with or without blocking antibodies (1 µg/mL) or rhL-16 (10 ng/mL) for additional
time. Immunofluorescence by confocal imaging was used to detect the nuclear expression of Rev-erbα (A) and LXR4 (B) at 3 dpi. C
Western blotting analysis was used to examine the expression of Rev-erbα, according to A. D WT or Il-16-/- BMDMs were infected
with H37Rv (MOI = 3:1) for 4 h, washed to remove unphagocytosed bacteria and incubated for additional time with or without
rhL-16 (10 ng/mL). Rev-erbα protein level was determined by Western blotting at 3 dpi. E Immunofluorescence was used to detect
the nuclear expression of pro-IL-16 in monocyte-derived macrophages infected with M. marinum (MOI = 3:1) at 3 dpi by confocal
analysis. F A bioinformatic search revealed a putative GAPBAα response motif flanked by a 12 bp sequence of TCTCTCCCGGTC in
the Rev-erbα promoter. Ch-IP, re-ChIP and PCR assay were performed in macrophages infected with M. marinum (MOI = 5:1) at
3 dpi. Normal anti-IgG (2 μg), anti-pro-IL16 (2 μg), anti-GAPBα (2 μg) and anti-HDAC3 (2 μg) Abs were used for each immunopre-
cipitation. PCRs with non-immunoprecipitated genomic DNA (Input) were also performed as control. G Relative level of PCR-
amplified Rev-erbα DNA by Image J, according to F. *p<0.05 compared to media, Student’s t-test. The graph shown is represen-
tative of 2 independent experiments.
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Bioinformatic analysis revealed a putative half-site
motif flanked by a 12 bp TCTCTCCCGGTC
sequence, suggesting a GAPBAα response element in
the Rev-erbα promoter (Figure 5(f)). To determine
whether GAPBAα binds to the Rev-erbα promoter,
we performed ChIP using anti-GAPBAα antibodies
and PCR assays inM.marinum-infected macrophages.
Our results demonstrated direct and equivalent bind-
ing of GAPBAα to the proximal Rev-erbα promoter
(Figure 5(f,g)). Re-ChIP and reporter assay data sup-
ported that the Pro-IL16/GAPBAα/HDAC3 complex
induced by M.marinum infection negatively regulates
Rev-erbα transcription (Figure 5(f,g)). Consequently,
mycobacterium infection leads to the translocation

of Pro-IL16 into the nucleus, where it recruits GAP-
BAα and HDAC3 to repress Rev-erbα expression.

The IL-16 morphant zebrafish larvae had less-
severe pathology and longer survival after
M. marinum infection

To determine the role of IL-16 in mycobacterial infec-
tion,M. marinum-infected zebrafish larvae are used as
a model system to study the pathogenesis (Figure 6
(a)). Briefly, the morpholino oligos of precursor IL-
16 was designed against the translational splice site
between the 2 exons and intron to completely abolish
IL-16 signaling, including any that may occur via the

Figure 6. IL-16 impaired the clearance of M. marinum in zebrafish larvae. A Timeline of animal vaccination, infection and killing.
Zebrafish larvae were injected with morpholino (MO)-IL-16 (10 ng), MO-control (10 ng), MO-IL-16 (10 ng) plus human IL-16 mRNA
(100 pg) at 0-0.5 h.p.f. Zebrafish infection with M. marinum was performed via caudal vein injection with 1.0 to 1.5 nl per fish of a
single-cell bacterial suspension in PBS at a dosage of 5.0×107 CFU/mL at 30 h.p.f. B The relative level of IL-16 mRNA by qPCR in
zebrafish larvae injected with morpholino oligos at indicated time (n = 12 to 20). C To assess the bacterial burdens, the homogen-
ates of fish livers were plated onto 7H10 agar by serial dilution to determine CFU at 3 and 7 dpi (n = 8 to 36). D and F The overall
reduction of infection level was determined by fluorescence microscopy. E and G Ziehl-Neelsen acid-fast staining was performed
on 5 μm sections for gross pathology. H The survival of zebrafish during a 14-day infection. data represent means ± SEM. ∗p < 0.05,
by 1-way ANOVA/Tukey’s multiple comparisons (B, C); A pool of 2 experiments is shown, including 15 to 22 zebrafish larvae per
group as indicated, ∗∗p < 0.01 by log-rank test (H).
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alternate IL-16 gene in the zebrafish genome. The
morpholino oligos or a combination of morpholino
oligos and hmRNA IL-16 were microinjected into
single-to-two-cell stage zebrafish embryos, which
were then infected with M. marinum at 30 h post-fer-
tilization (h.p.f.) via caudal vein injections. Our results
demonstrated that injection of morpholinos into
fertilized eggs effectively abolished IL-16 mRNA
expression from 1 to 5 days post-fertilization (d.p.f.)
(Figure 6(b)). Furthermore, the M. marinum load in
IL-16 morphant larvae was significantly reduced at
3- and 7-days post-infection (dpi) (Figure 6(c)).
Conversely, the combination of morpholino oligos
and hmRNA IL-16 in zebrafish larvae reversed the
reduction in bacterial load (Figure 6(c)). Fluorescence
imaging revealed a marked decrease in infection levels
at 2 and 5 dpi in larvae treated with IL-16 morpholino
oligos (Figure 6(d,f)). In IL-16 morphant larvae, well-
organized granulomas with bacteria inside were
observed, limited tissue damage was detected, and
there was less dissemination of bacterial cells (Figure
6(e,g)). Additionally, the survival rate of IL-16 mor-
phant larvae significantly increased compared to con-
trol larvae and IL-16 hmRNA-rescued larvae (Figure 6
(h)). Collectively, these findings indicate that inhi-
bition of IL-16 is crucial for the early-stage clearance
of mycobacterial infection.

Interleukin 16 deficiency reduced the host
susceptibility to Mycobacterium tuberculosis
infection

To investigate the role of IL-16 in mediating the detri-
mental effects of Mycobacterium tuberculosis infec-
tion, WT, and Il-16-/- mice were aerosol-infected
with approximately 200 CFU of the H37Rv strain.
The bacterial burden and pulmonary pathology were
examined at 3, 7 or 28 dpi (Figure 7(a)). Our findings
revealed a substantial decrease in H37Rv lung and
spleen burden in Il-16-/- mice compared to WT
mice, both early (7 dpi) and late (28 dpi) following
infection (Figure 7(b)). However, there was no signifi-
cant difference in H37Rv lung burden between WT
and Il-16-/- mice at 3 dpi (Figure 7(b)). Moreover, his-
tological examination using H&E staining showed
alveolar damage and infiltrating immune cells in the
lungs of H37Rv-infected WT mice. In contrast, age-
matched H37Rv-infected Il-16-/- mice exhibited
lower inflammation and less necrosis at 7 or 28 dpi
(Figure 7(c,d)). Specifically, H-Score analysis demon-
strated high expression and localization of Lamp-1
and cathepsin D within the lungs of H37Rv-infected
Il-16-/- mice compared to WT mice at 7 or 28 dpi
(Figure 7(e,f)). These results indicate that early and
sustained IL-16 production contributes to severe dis-
ease progression and significantly increases H37Rv
burden.

Neutralizing IL-16 molecule could be used to
treat tuberculosis infections

Mycobacterium infection leads to the translocation of
Pro-IL16 into the nucleus, where it recruits GAPBAα
and HDAC3 to repress Rev-erbα expression⍰secreted
IL-16 activated the PI3K-AKT-mTOR pathway via
CD4 and inhibited the maturation of phagolysosomes,
allowing better survival of the mycobacterium (Figure
8(a)). To further investigate the potential of blocking
endogenous IL-16 to reduce mycobacterium survival
in vivo, we performed experiments in SCID mice.
Two hours before infection, the mice were intraperito-
neally injected with a neutralizing anti-IL-16 antibody
or an isotype-matched control antibody (100 µg/
mouse). Then, the mice were intranasally infected
with H37Ra at a dose of 3.0×105 CFU/mouse in
100 µL PBS, followed by additional injections of neu-
tralizing anti-IL-16 antibody three times weekly. After
four weeks of infection, the mice were sacrificed to
assess cytokine levels and bacterial load (Figure 8
(b)). Treatment with the anti-IL-16 antibody reduced
the levels of IL-16 in their BALF samples (Figure 8(c))
and prevented the survival of H37Ra in the lungs
(Figure 8(d)), indicating that neutralization of IL-16
provides protection against mycobacterium infection.
Surprisingly, BALF from mice treated with the anti-
IL-16 antibody exhibited significantly lower levels of
IL-10 and TGF-β compared to BALF from control-
treated mice (Figure 8(e)). However, no changes in
the levels of IL-6 and TNF-α were observed (Figure
8(f)). These results suggest that neutralization of IL-
16 can effectively promote host clearance of Mycobac-
terium in vivo.

Discussion

Here, we found that IL-16 was significantly increased
in the serum of patients with active tuberculosis com-
pared to patients with LTBI, so, IL-16 cloud be a
potential biosignature for the diagnosis of TB. Then,
we demonstrated that macrophages are a major
resource of IL-16 secretion response to Mtb infection.
Depending on the level of secretion after different
mycobacterial infections, the amount of IL-16 may
correlate with the virulence of mycobacteria.
Additionally, we have revealed novel functions of IL-
16 in facilitating Mtb intracellular survival by inhibit-
ing phagosome maturation and repressing the
expression of Rev-erbα. In zebrafish larvae, inhibition
of IL-16 resulted in less severe pathology and
increased survival following M. marinum infection.
Moreover, genetic deficiency of IL-16 enhanced bac-
terial clearance and reduced lung damage and pathol-
ogy in mice challenged with Mtb. Furthermore,
neutralizing IL-16 enhanced mycobacterium clearance
in SCID mice. Thus, for the first time, we provide
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evidence that IL-16 acts on host susceptibility
response to Mtb infection, supporting IL-16 has the
therapeutic value of anti-IL-16 antibodies in the treat-
ment of TB.

IL-16 is a multifunctional cytokine initially charac-
terized as a product of immunological competence
cells such as lymphocytes and macrophages. Previous
studies have identified various cell types as sources of
secreted IL-16, including Thy1+ T-cells, B220+ B-cells,

CD4+ and CD8+ T-cells, and p46+ NK-cells in type 1
diabetes [22]. Similarly, CD4+ cells were identified as
the main source of IL-16 during Staphylococcus aureus
infection settings [24]. Here, we observed a reduction
in IL-16 levels in the serum and BALF of H37Ra-
infected mice with macrophage deletion, indicating
that macrophages are likely the primary source of
IL-16 production. IL-16 is initially transcribed as
pro-IL-16, and its production is regulated at both

Figure 7. Interleukin 16 deficiency reduced the host susceptibility to H37Rv infection. A Schematic diagram of infection exper-
iments. C57BL/6 or Il-16-/- mice were infected with ∼200 CFU of H37Rv using a Glas-Col inhalation exposure system (n = 6 to 8). B
At 3-, 7- and 28-days post-infection, the mice were sacrificed, and bacterial counts in the lungs and spleens were determined on
Middlebrook 7H10 agar. Mtb colonies were incubated at 37 °C and counted after 21 days (n = 6). C For histopathology analysis,
half of each lung was fixed in a 4% neutral-buffered paraformaldehyde solution for 24 hours. Lung tissue was then embedded in
paraffin. A series of sections with a thickness of 4-7 μm were then cut and stained with hematoxylin and eosin by standard
methods. D Histopathology analysis was evaluated by pathologists in a blinded manner (n = 6). E LAMP-1 and Cathepsin D
expression were analyzed by immunohistochemistry. F H-Score analysis was determined according to E. The values are the
means ± SEM, 6 to 8 mice per group as indicated. *p<0.05 compared to media, Student’s t-test.
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the transcriptional level and through caspase-3-depen-
dent processing [31]. In this context, the production of
IL-16 to its active form is mediated by caspase-3 and
caspase-8. When caspase-3/8 activity is blocked
using inhibitors, the release of IL-16 is reduced. Fur-
thermore, the TNF cascade plays a central role in
inducing IL-16 processing in CD4+ T cells, demon-
strated by observing diminished IL-16 production in
MRSA-infected mice lacking TNFR1 [24]. Addition-
ally, TNFR1 blocking reduced the production of IL-
16 after M. marinum infection in macrophages. Inter-
estingly, treatment with TLR2 antibody also interferes

with the secretion of IL-16. Thus, IL-16 production
appears to be specifically linked to TNFR1, TLR2
and other receptors, including EGFR and FasL,
which were also found to be involved in initiating
the processing of IL-16 to its active form. This require-
ment for multiple stimuli may also help explain why
LPS alone or the tested Gram-negative airway patho-
gens were much less capable of stimulating IL-16
production.

IL-16 secretion has been implicated in various dis-
eases, including atopic diseases and sarcoidosis granulo-
mas [32]. Here, IL-16 was directly related to the activity

Figure 8. Neutralization of IL-16 contributes to host control of Mycobacterium infections. A Schematic diagram of GAPBAα/Pro-
IL16/HDAC3 complex regulates Rev-erbα expression and IL-16 regulates the maturation of phagolysosomes through CD4. B Sche-
matic diagram of neutralization of IL-16 in vivo. 6-8 weeks of age mice were intraperitoneally injected with 200 μg anti-IL-16 neu-
tralizing mAb 2 h prior to infection. Mice were challenged with 3×106 CFU of H37Ra in 100 μL PBS via the intravenous route,
followed by intraperitoneal injection 3 times weekly with 200 μg anti-IL-16 neutralizing mAb. Control mice received 200 μg iso-
type-matched mouse IgG2a(κ). The mice were sacrificed 4 weeks post-infection (n = 3 to 5). C IL-16 level in BALF by ELISA (n = 3 to
5). D H37Ra load in lung (n = 3 to 5). E TNF, IL-6, IL-10 and TGF-β levels in BALF measured by ELISA (n = 3 to 5). *p<0.05 compared
to media, Student’s t-test. The graph shown is representative of 2 independent experiments.
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of the TB disease because the successful treatment of TB
was associatedwith decreased circulating levels of IL-16,
suggesting that elevated circulating IL-16 levels could be
a consequence of Mtb infection. However, it is unclear
whether endogenous production of IL-16 is essential
for the replication of Mtb and the worsening of patho-
logical conditions. In this study, we provide the first evi-
dence that IL-16 secretion is likely critical for
modulating TB pathology. We found that genetic
deficiency of IL-16 in Il-16−/−mice resulted in enhanced
clearance of bacteria and diminished lung pathology
compared to WT mice. According to this finding and
considering that macrophages are themost likely source
of IL-16 in this setting, we hypothesized that macro-
phage-derived IL-16 contributes to TB progression. To
investigate this hypothesis, we used zebrafish larvae
infected with M. marinum, a close genetic relative of
M. tuberculosis and the causative agent of TB in
ectotherms. Zebrafish larvae have been reported to
have immature T cells before 3 to 4 weeks post-fertiliza-
tion, with their immune protection against bacterial
infection mainly dependent on macrophages at 26 h
post-fertilization [33]. This model has provided impor-
tant insights into the pathogenesis and genetics of
human TB through macrophage-mediated protection
[34, 35]. We found that IL-16 morphants larvae had
reduced bacteria burdens and decreased mortality of
the embryos compared with WT larvae. Moreover, the
neutralization of IL-16 enhanced H37Ra clearance in
SCID mice, which were identified to be deficient in T
leukomonocytes. Therefore, this is the first study to
reveal that macrophage-derived IL-16 enhances host
sensitivity to Mtb infection.

Our findings suggest that IL-16 plays a role in med-
iating its effects during Mtb infection. When IL-16 was
neutralized, there was a down-regulation of IL-10
levels in the BALF of H37Ra-infected mice. IL-10
has been shown to interfere with the acquisition of
microbicidal competence, suggesting that IL-16 may
have the ability to directly inhibit pathogen clearance
[29]. In this context, we observed that IL-16 deficiency
resulted in reduced bacterial survival both in vitro and
in vivo. IL-10 has also been previously demonstrated
to attenuate the localization of mycobacteria within
early phagosomes and to reduce the capacity of bacter-
ium to traffic into a non-mature late phagosome [36].
In our results, M. marinum resided in late phago-
somes, unable to fuse with lysosomes in rIL-16-treated
macrophages. In contrast, genetic deficiency of IL-16
led to increased co-localization between H37Rv and
phagolysosomes. These results indicated that IL-16
was likely related to the inhibited phagosome-lyso-
some fusion. However, whether IL-16 expression
was associated with IL-10 secretion in response to
Mtb infection remains unknown. Previously, the
orphan nuclear receptor Rev-erbα was shown to be
essential for the clearance of mycobacterial infection

by inhibiting IL-10 production. In this study, we
found that mycobacterium infection induced the
translocation of Pro-IL16 into the nucleus, where it
recruited GAPBAα and HDAC3 to repress Rev-erbα
expression. Based on these findings, we infer that IL-
16 may repress Rev-erbα expression, which in turn
affects IL-10 expression, resulting in attenuated pha-
golysosome conversion and increased survival of bac-
teria under Mtb challenge conditions.

The role of IL-16 in various diseases and infection
settings has been investigated. In the case of MRSA
pneumonia, IL-16 has been shown to contribute to
lung pathology [24], and treatment of pre-diabetic
NOD mice with a neutralizing anti-IL-16 mAb begin-
ning at the outset of mature IL-16 expression in islets
provided optimum protection against destructive insu-
litis and type 1 diabetes [37]. Administration of recom-
binant IL-16 exacerbates lung inflammation and
associated pathology while reducing IL-16 expression
through the delivery of a miR-125a mimic attenuates
pristane-induced lung inflammation [38]. Here, we
revealed that neutralizing endogenous IL-16 activity
may have therapeutic value for treating TB based on
our finding that neutralizing IL-16 reduces mycobacter-
ial loads in the lungs of H37Ra-challenged mice. This
suggests that targeting IL-16 could be a potential thera-
peutic strategy for TB treatment, considering the
relationship between therapeutic targets and the stage
of disease treatment recommended for TB. Further-
more, this concept of targeting IL-16 may have impli-
cations for other diseases associated with auto-
inflammation- and infectious diseases.

In conclusion, our study highlights several important
findings. First, we observed that IL-16 levels are specifi-
cally higher in active TB patients than those with LTBI,
healthy donors, and the diagnostic potential of IL-16 for
TB was indicated by ROC analysis. Second, we demon-
strated that macrophages are a major source of IL-16
secretion in response to Mtb infection. Third, we
found that IL-16 production promotes intracellular sur-
vival of Mtb by inhibiting phagosome maturation and
repressing the expression of Rev-erbα. Fourth, genetic
deficiency of IL-16 enhanced bacterial clearance and
reduced lung pathology in both Mtb-challenged mice
and M. marinum-infected zebrafish larvae. Lastly, the
neutralization of IL-16 enhanced pathogen clearance
inH37Ra-infected SCIDmice. Thus, these findings pro-
vide direct evidence of the contribution of IL-16 to host
susceptibility in Mtb infection and suggest IL-16 as a
promising target for treatment of TB.

Materials and methods

Study groups

Participants were selected based on Mtb-specific
TSPOT responses, which are routinely performed to
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diagnose Mtb infection at the Pulmonary Hospital of
Tongji University. The diagnosis of tuberculosis was
based on multiple criteria, including the TSPOT test,
TB culture test, and sputum smear test, and recog-
nized active TB when any two positives were met,
which was reconfirmed based on imaging findings
on lung CT. The participants were categorized into
five groups: (1) active TB patients, (2) individuals
with LTBI, (3) subjects with NTM infections, (4)
patients with pulmonary tumours, and (5) healthy vol-
unteers. The final diagnosis was made by a clinician
who validated these criteria along with clinical symp-
toms. LTBI was diagnosed in individuals with a posi-
tive Mtb-specific TSPOT response but lacked clinical
or radiographic evidence of active TB. NTM infected
patients are patients infected with organisms other
than Mycobacterium tuberculosis. Healthy control
subjects were recruited if they had a negative Mtb-
specific TSPOT response and no pulmonary symp-
toms or active disease.

Cohort 1 comprised 8 patients diagnosed with
active TB, 5 patients with LTBI, and 5 healthy control
subjects. Among them, 5 patients were undergoing
antibiotherapy for 3 months. All patients and subjects
were HIV-negative, not using immunosuppressive
medications, had no clinical complications and were
consecutively enrolled in the study (Details in Sup-
plementary information Table 1 for cohort 1). Cohort
2 comprised 151 patients diagnosed as active TB (151
TSPOT positive, 137 smear positive and 132 TB cul-
ture positive), 31 patients with LTBI (31 TSPOT posi-
tive, 0 smear negative, 0 TB culture negative), 40
healthy control subjects, 112 NTM infection subjects,
and 33 pulmonary tumour patients (Details in Sup-
plementary information Table 2 for cohort 2). This
study was approved by the Human ethical committee
of Pulmonary Hospital of Tongji University (Shang-
hai, China; protocol no. K22-041Y in 2022).

Animals

C57BL/6 and Il-16-/- were obtained from Shanghai
Model Organisms (Shanghai, China). All mice were
bred in specific pathogen-free conditions at the Lab-
oratory Animal Center of Fudan University. Both
female and male mice aged 6-8 weeks were used for
the study. Ethical approval for the study was obtained
from the ethical committee of Fudan University
(Shanghai, China; protocol no. JS-016 in 2019).

Cell culture

Peripheral blood mononuclear cells (PBMCs) were
isolated from human blood using Ficoll-Paque (GE
Healthcare, Chicago, IL, USA). Human monocyte-
derived macrophages were purified by positive selec-
tion of CD14 and CD16 cells from the PBMCs using

MACS Microbeads from Miltenyi Biotec (Leiden,
Netherlands), following the manufacturer’s protocol.
The isolated monocytes were then induced with 20
ng/mL of macrophage colony-stimulating factor
(R&D Systems, Minneapolis, USA) in RPMI-1640
medium supplemented with 10% fetal bovine serum
(STEMCELL Technologies), 100 U/mL of penicillin/
streptomycin (Thermo Fisher Scientific), 10 mM Glu-
tamax, and 10 mM pyruvate. Mouse alveolar macro-
phages (AMs) and bone marrow-derived
macrophages (BMDMs) were isolated from control
mice as previously describe [39, 40] and cultured in
RPMI-1640 medium supplemented with 10% (v/v)
fetal calf serum and 2 mM glutamine with penicillin
(100 U/mL)/streptomycin (100 mg/mL) and M-CSF
(10 ng/mL, Sino Biological, 51112-M08H). The cells
were grown in 96-well plates (200 μL final volume;
Corning Inc., Corning, NY, USA) and incubated at
37 °C in a humidified incubator with 5% CO2.

Infection procedure in vitro

Macrophages/monocyte-derived macrophages were
cultured at 37°C with 5% CO2. For infection exper-
iments, cells were infected with mycobacteria at differ-
ent bacterium-to-cell ratios (MOI = 1:1, MOI = 3:1,
MOI = 5:1, or MOI = 10:1) for 4 h. After the infection,
cells were washed to remove free bacteria and incu-
bated in RPMI 1640 medium containing 10% fetal
calf serum (FCS) [41, 42]. The cells were pretreated
with neutralizing antibody anti-IL-16 (1 µg/ml,
mouse IgG2a(κ) clone 14.1 #554734; BD Bioscience),
rIL-16 protein (10 ng/ml, #ab256039 or #ab256040,
Abcam) or not for 18 h. Following infection, neutral-
ized anti-IL-16 antibodies or rIL-16 protein were
added to the cell culture every other day. Cells were
also pretreated with neutralizing antibodies or IgG
isotype control 1 h prior to infection. The neutralizing
antibodies used included anti-TLR4 (2 μg/mL;
#AF1478; BD Biosciences), anti-TLR2 (2 μg/mL;
mouse IgG2b Clone #383936; BD Biosciences), or
anti-TNFR1 (2 μg/mL; mouse IgG1 Clone #16803;
BD Biosciences). IgG isotype controls were used as a
comparison at a concentration of 2 μg/mL (BD Bio-
sciences). To assess the levels of IL-16 in the cell cul-
ture supernatants, respective inhibitors were added 1
h prior to infection, including caspase 3 inhibitor
(C3 inh, 50 μM, Calbiochem), caspase-8 inhibitor
(C8 inh, 50 μM, Calbiochem), and pan-caspase inhibi-
tor (ZVAD, 100 Μm, Santa Cruz). Bacterial colony-
forming units (CFUs) were determined by plating gra-
dient dilutions of lysed cells onto 7H10 agar.

Infection procedure in vivo

Clodronate liposomes or PBS control liposomes were
obtained from ClodronateLiposomes.com (http://
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www.clodronateliposomes.org/). To deplete lung
macrophages, mice (6 to 8 weeks old) were adminis-
tered intravenously with 150 µL of clodronate lipo-
somes or PBS control liposomes and intranasally
with 50 µL of clodronate liposomes or PBS control
liposomes one day prior to mycobacterium infection
[43]. Then, C57BL/6 mice were intravenously chal-
lenged with 3.0×106 CFU of H37Ra in 100 µL of PBS
[44]. On the third day post-infection, mice (6 to 8
weeks old) were injected intranasally with 50 µL of clo-
dronate liposomes or PBS control liposomes [43, 45].
The mice were sacrificed 6 days post-infection to
assess IL-16 levels in the BALF and serum.

M. tuberculosis H37Ra (ATCC 25177) and
M. tuberculosis H37Rv (Pasteur strains) were grown,
and suspensions were prepared as previously
described [44, 46]. Briefly, Female C57BL/6 or SCID
mice, aged 6 to 8 weeks, were intravenously challenged
with 1×106 CFU of M. tuberculosis H37Ra [44]. The
mice were sacrificed 6 days post-infection to assay
IL-16 level in BALF. Female C57BL/6 mice, aged 6
to 8 weeks, were intravenously challenged with
1×106 CFU of H37Rv. At 4 or 12 weeks after infection,
mice were sacrificed to determine IL-16 levels in
BALF, serum, and lung homogenates. Lung homogen-
ization was performed using an MM300 apparatus
(Qiagen) and 2.5-mm diameter glass beads.

Mouse infection experiments were performed as
previously described [47]. Briefly, C57BL/6 or Il-16-/-

mice were infected with ∼200 CFU of H37Rv using
a Glas-Col inhalation exposure system (Glas-Col
Inc., Terre Haute, Ind.) [13]. At 3-, 7- and 28-days
post-infection, the mice were sacrificed, and bacterial
counts in the lungs and spleens were determined by
plating 10-fold serial dilutions of individual organ
homogenates on Middlebrook 7H10 agar sup-
plemented with 10% Middlebrook OADC enrich-
ment. Mtb colonies were incubated at 37 °C and
were counted after 21 days. For histopathology analy-
sis, half of each lung was fixed in a 4% neutral-buffered
paraformaldehyde solution for 24 h. The lung tissue
was embedded in paraffin, and sections with a thick-
ness of 4-7 μm were cut and stained with hematoxylin
and eosin using standard methods. The pathology was
evaluated by pathologists in a blinded manner [16].

Neutralization of IL-16 in vivo

Mice aged 6-8 weeks were injected intraperitoneally
with 200 μg of anti-IL-16 neutralizing monoclonal
antibody (#554734, clone 14.1, mouse IgG2a(κ); BD
Bioscience) 2 h prior to infection. The mice were
then challenged with 3×106 CFU of H37Ra in 100
μL of PBS via the intravenous route. After infection,
the mice received intraperitoneal injections of 200 μg
of the 14.1 anti-IL-16 neutralizing monoclonal anti-
body thrice a week. Control mice were treated with

an isotype-matched mouse IgG2a(κ) antibody
(#UPC 10, 200 μg, Sigma). Four weeks post-infection,
the mice were euthanized, and the levels of IL-16 in
bronchoalveolar lavage fluid (BALF), H37Ra load in
the lung, and cytokine levels in BALF were assessed.

Zebrafish infection with M. marinum

The morpholino oligos of IL-16 MO (5’-AGAAT-
GAGCTGGTTATTACCTGTGT-3’) and con-MO
(5’-CTACAGGTGAGCGGTATACAAGCTG-3’, low-
ercase letters denote mismatched bases) were syn-
thesized by Gene-Tools (LLC). The expression
plasmid of hIL-16 was purchased from BIO LTC com-
pany (Shanghai, China). IL-16 mRNA was transcribed
in vitro using the Ambion® mMESSAGE mMA-
CHINE® T7 Ultra Kit (Invitrogen, USA). For zebrafish
experiments, 10 ng of IL-16 MO or con-MO and 100
pg of IL-16 mRNA were injected between 0 and
0.5 h post fertilization (h.p.f.) as previously described.
The knockdown efficiency of IL-16 was assessed using
qPCR with the following primers: Forward primer
5’-CGCTTCAGCTCATCCCGTAA-3’; Reverse pri-
mer 5’-CGGAGAACCCCCTTTTAGCA-3’. Zebrafish
embryos were incubated in FWPTU at 28°C to prevent
pigment formation. Zebrafish infection with
M. marinum was performed at 30 h.p.f., as previously
described [34]. Briefly, Zebrafish larvae were infected
by caudal vein injection with 1.0 to 1.5 nl per fish of
a single-cell bacterial suspension in PBS at a concen-
tration of 5.0×107 CFU/mL. Bacterial burdens were
assessed by plating the homogenates of fish livers
onto 7H10 agar through serial dilution to determine
the colony-forming units (CFU). For histopathologi-
cal studies, larvae were sacrificed at the indicated
times, fixed with 4% paraformaldehyde for 24 h and
70% ethanol for 24 h, and then prepared as paraffin
blocks. Ziehl-Neelsen acid-fast staining (BA-409 TB
stain kit; Baso, Zhuhai, China) was performed on 5
μm sections for gross pathology according to the man-
ufacturer’s instructions. The sections were examined
under an Olympus BH2 microscope (Tokyo, Japan),
and images were captured using a digital camera
(TK-C1481BEC; JVC, Tokyo, Japan). To assess bac-
terial burden via fluorescence microscopy, a half-
area 96-well plate was prepared by adding 100 μL of
dH2O to the interwell space. Adding dH2O to the
interwell space reduced evaporation within the wells
and increased the thermal mass to lengthen the dur-
ation in which larvae remain cryo-anesthetized. Zeb-
rafish larvae were then transferred to the plate, one
larva per well, in 200 μL of FWPTU (without tricaine),
using a wide-bore P1000 pipette tip. To determine the
analysis threshold, 3-5 uninfected larvae were
included. The larvae were cryo-anesthetized by incu-
bating the plate on ice for 10 min. Imaging was
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performed using inverted x2 fluorescence microscopy,
capturing images for further analysis.

Statistical analysis

Statistical analysis was conducted using Prism (Graph-
Pad Software). A two-tailed Student’s t-test was used
to compare two groups with a normal distribution.
One-way analysis of variance (ANOVA) was used to
analyze differences in means among multiple groups
for continuous variables with a normal distribution.
Survival curves were compared using the log-rank
(Mantel–Cox) test. A significance level of P < 0.05
was considered statistically significant for all analyses.
Pearson’s coefficient was used for correlation analysis.
Data with three or more independent measurements
are presented as mean ± SEM.
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