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Interleukin-21 Regulates Natural Killer Cell Responses 
During Mycobacterium tuberculosis Infection
Padmaja Paidipally,1 Deepak Tripathi,1 Abhinav Van,1 Rajesh Kumar Radhakrishnan,1 Rohan Dhiman,1,a Sambasivan Venkatasubramanian,1  
Kamakshi P. Devalraju,2 Amy R. Tvinnereim,1 Vijaya Lakshmi Valluri,2 and Ramakrishna Vankayalapati1

1Department of Pulmonary Immunology, Center for Biomedical Research, University of Texas Health Center, Tyler; 2Bhagwan Mahavir Medical Research Centre, Hyderabad, India

Background.  In the current study, we determined the effects of interleukin (IL)-21 on human natural killer (NK) cells and mon-
ocyte responses during Mycobacterium tuberculosis (Mtb) infection.

Methods.  We found that Mtb stimulated CD4+ and NK T cells from healthy individuals with latent tuberculosis infection 
(LTBI+) are major sources of IL-21. CD4+ cells from tuberculosis patients secreted less IL-21 than did CD4+ cells from healthy LTBI+ 
individuals. Interleukin-21 had no direct effect on Mtb-stimulated monocytes.

Results.  Interleukin-21-activated NK cells produced interferon (IFN)-γ, perforin, granzyme B, and granulysin; lysed Mtb-
infected monocytes; and reduced Mtb growth. Interleukin-21-activated NK cells also enhanced IL-1β, IL-18, and CCL4/macro-
phage-inflammatory protein (MIP)-1β production and reduced IL-10 production by Mtb-stimulated monocytes. Recombinant 
IL-21 (1) inhibited Mtb growth, (2) enhanced IFN-γ, IL-1β, IL-18, and MIP-1β, and (3) reduced IL-10 expression in the lungs of 
Mtb-infected Rag2 knockout mice.

Conclusions.  These findings suggest that activated T cells enhance NK cell responses to lyse Mtb-infected human monocytes 
and restrict Mtb growth in monocytes through IL-21 production. Interleukin-21-activated NK cells also enhance the immune re-
sponse by augmenting IL-1β, IL-18, and MIP-1β production and reducing IL-10 production by monocytes in response to an intra-
cellular pathogen.
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Natural killer (NK) cells play a central role in innate immunity to 
microbial pathogens [1]. They mediate protection against viruses, 
bacteria, and parasites by killing infected cells and secreting cyto-
kines that shape the adaptive immune response [2]. Human NK 
cells lyse Mycobacterium tuberculosis (Mtb)-infected monocytes 
and alveolar macrophages and upregulate CD8+ T-cell responses 
[3, 4]. Natural killer cells produce interleukin (IL)-22, which 
inhibits intracellular growth of Mtb. Furthermore, NK cells lyse 
Mtb-expanded CD4+ regulatory T cells (Tregs) [5]. Blocking NK 
cells at the time of Bacillus Calmette-Guérin (BCG) vaccination 
enhances expansion of Tregs [6].

Natural killer cells express receptors for soluble factors 
including cytokines, which modulate NK cell function [7, 8]. 
It is well known that IL-2 produced by T cells is essential for 
optimal NK cell responses [9]. There is limited information 
available about the effect of other T-cell cytokines on NK cell 

responses. Recent studies have demonstrated that IL-21 pro-
duced by T cells enhances NK cell responses [10].

Interleukin-21 is a pleotropic cytokine that belongs to the 
class 1 family of cytokines [11]. The biological effects of IL-21 
are mediated through IL-21R, which uses the common gamma 
chain (γc), as do other members of this family, including IL-2, 
IL-4, IL-7, IL-9, and IL-15 [12]. Activated CD4+ and NK T cells 
are major sources of IL-21 and affect the proliferation of T, B, 
and NK cells [12, 13]. Interleukin-21 has antitumor effects and 
is being tested in phase 2 clinical trials for treatment of patients 
with metastatic melanoma [14]. In viral infections, IL-21 con-
tributes to the control of the persistent lymphocytic chori-
omeningitis virus [15] and improves T and NK cell function 
in individuals infected with human immunodeficiency virus 
(HIV) [16, 17]. In Mtb infection, memory-like NK cells contrib-
ute to vaccine-induced protective immune responses against 
Mtb infection, and IL-21 has been shown to mediate the devel-
opment and expansion of memory-like NK cells in a murine 
model [18]. Interleukin-21 produced by CD4+ T cells promotes 
CD8+ T cell expansion and effector functions and is essen-
tial for the optimal control of Mtb infection in mice [19, 20].  
However, the effect of IL-21 on the activation of human NK 
cells during Mtb and other bacterial infections has not been 
studied.

In the current study, using blood samples from individuals 
with latent tuberculosis infection (LTBI), patients with active 
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tuberculosis (TB), and Rag2 knockout (KO) mice infected with 
Mtb, we determined the contribution of IL-21 towards NK 
cell-mediated host defenses against Mtb infection.

METHODS

Patient Population

Blood was obtained from 30 healthy LTBI individuals, 15 
tuberculin-negative donors, and 10 HIV-seronegative patients 
with culture-proven pulmonary TB who had received anti-TB 
therapy for <4 weeks. Acid-fast stains of sputum were positive 
for 8 patients. All studies were approved by the Institutional 
Review Board of the University of Texas Health Science Center 
(Tyler, TX) and the Institutional Review Board of Blue Peter 
Public Health Research Centre (Hyderabad, India), and written 
informed consent was obtained from all participants.

Animals

All animal studies were performed on specific-pathogen-free 
8-week-old female C57BL/6 (Jackson Laboratory, Bar Harbor, 
ME) and Rag2 KO mice (Taconic Biosciences, Rensselaer, 
NY). The Institutional Animal Care and Use Committee of the 
University of Texas Health Science Center at Tyler approved the 
studies. Animal procedures involving the care and use of mice 
were in accordance with the guidelines of National Institutes of 
Health/Office of Laboratory Animal Welfare.

Antibodies and Other Reagents

For flow cytometry, we used fluorescein isothiocyanate (FITC) 
anti-CD14, phycoerythrin (PE)-CY7 anti-CD3, FITC anti-CD4, 
APC anti-CD8, FITC anti-CD56 (all from BioLegend), and 
PE anti-IL-21 (eBioscience). For confocal microscopy, we used 
anti-granulysin, anti-perforin (Thermo Fisher Scientific), and 
anti-granzyme B (R&D Systems) as primary antibodies, and the sec-
ondary antibodies were goat anti-rabbit IgG (H+L) - Alexa Fluor 488 
and goat anti-mouse IgG (H+L) - Alexa Fluor 647, obtained from 
Life Technologies; fluoroshield mounting medium with 4’,6-diamid-
ino-2-phenylindole (DAPI) from Abcam (ab104139) was also used.

Detailed Methods for the Following Sections Were Provided in 

Supplementary Methods

Isolation of monocytes and CD3-CD56+ cells, culture of 
human peripheral blood mononuclear cells (PBMCs), culture 
of human CD3-CD56+ cells, and monocytes, flow cytometry, 
determination of Mtb H37Rv growth in human monocytes, aer-
osol infection of mice with Mtb H37Rv, quantitative real-time 
polymerase chain reaction (qRTPCR) for quantification, meas-
urement of cytokine production, cytotoxicity assay, and con-
focal microscopy ([18, 21] and Supplementary Methods) were 
provided in the Supplementary methods.

Statistical Analysis

Prism 7 software (GraphPad Software, San Diego, CA) was used 
for statistical analyses. P values less than .05 were considered to 

be statistically significant. The results are expressed as the mean 
± standard error. For data that were normally distributed, com-
parisons between groups were assessed by a paired or unpaired 
t test and one-way analysis of variance, as appropriate. For data 
that were not normally distributed, the Wilcoxon rank-sum test 
was used.

RESULTS

Interleukin-21 Production by Mycobacterium tuberculosis-Stimulated 

Peripheral Blood Mononuclear Cells

To determine whether IL-21 production depends on prior an-
tigen exposure, we isolated PBMCs of 8 LTBI+ individuals, and 
we cultured them in the presence or absence of γ-Mtb. After 
24 to 120 hours, IL-21 messenger ribonucleic acid (mRNA) 
was quantified by real-time PCR, normalized to glyceralde-
hyde 3-phosphate dehydrogenase mRNA to control for the ef-
ficiency of RNA extraction, and reverse transcribed in different 
samples. In the first 48 hours, a small increase was observed in 
the IL-21 mRNA levels by γ-Mtb-stimulated PBMCs of LTBI+ 
individuals. γ-Mtb induced a 5-fold, 11-fold, and 20-fold in-
crease in IL-21 expression after 72 hours, 96 hours, and 120 
hours, respectively (P = .001; Supplementary Figure 1A). γ-Mtb 
increased the percentage of IL-21+ cells (gated on total cells) in 
PBMCs of 6 LTBI+ individuals (1.0% ± 0.01% to 3.85% ± 1.23%, 
P  <  .02; Figure  1A), as determined by intracellular staining. 
By contrast, γ-Mtb did not significantly increase CD4+IL-21+ 
cells (gated on total PBMC) in PBMCs of 6 LTBI− individ-
uals (Figure  1A). Our results suggest that IL-21 production 
depends on prior antigen exposure. We also found CD4+ and 
NK T cells are the major source for IL-21 in LTBI+ individuals 
(Figure  1B, C, Supplementary Figure  1B and Supplementary 
Results). Furthermore, our results demonstrate that IL-21 pro-
duction by CD4+ cells is defective in TB patients (Figure 1D and 
Supplementary Results).

Interleukin-21 Enhances Proinflammatory Cytokine and Chemokine 

Production by Peripheral Blood Mononuclear Cells of Latent Tuberculosis 

Infection+ Individuals

Previous studies have demonstrated that IL-21 regulates 
immune responses during infections and cancers [22, 23]. 
Because cytokines and chemokines play an important role 
during Mtb infection, we determined whether IL-21 has any 
effect on cytokine and chemokine production by PBMC of 
LTBI+ individuals. Peripheral blood mononuclear cells from 6 
LTBI+ individuals were isolated, and cells were transfected with 
control or IL-21 small interfering RNA (siRNA). Control and 
IL-21 siRNA-transfected PBMCs were cultured with or with-
out γ-Mtb. Interleukin-21 siRNA significantly inhibited IL-21 
expression as determined by real-time PCR (Supplementary 
Figure 2A). After 120 hours, culture supernatants were collected 
and levels of 17 cytokines and chemokines were measured by 
Bio-Plex enzyme-linked immunosorbent assay. Interleukin-21 
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siRNA inhibited γ-Mtb-induced interferon (IFN)-γ, IL-1β, 
IL-6, MIP-1β, and IL-5 production (Figure 2A–C). By contrast, 
IL-21 siRNA enhanced γ-Mtb-induced IL-10 production by 
PBMCs (Figure 2D). Our results suggest that IL-21 produced by 
CD4+ cells and NK T cells during Mtb infection enhances IFN-
γ, IL-1β, IL-6, MIP-1β, and IL-5 and inhibits IL-10 production.

Interleukin-21 Had No Direct Effect on Cytokine and Chemokine 

Production by Mycobacterium tuberculosis Stimulated Monocytes

In the above-mentioned experiment, we observed that IL-21 sig-
nificantly enhances the production of cytokines predominantly 
produced by antigen presenting cells. We next determined the 
direct effect of IL-21 on cytokine production in Mtb-stimulated 
monocytes. We used recombinant IFN-γ, which is known to 
enhance cytokine production in Mtb-stimulated monocytes, as 
a positive control. Recombinant IFN-γ significantly enhanced 
IL-1β and MIP-1β and inhibited IL-10. By contrast, recombinant 

IL-21 had no direct effect on γ-Mtb-induced cytokine produc-
tion by monocytes (Supplementary Figure 3). These results sug-
gest that IL-21 has no direct effect on and acts through another 
immune cell population for enhancing cytokine production by 
Mtb-stimulated monocytes.

Interleukin-21-Activated Natural Killer Cells Enhance Proinflammatory 

Cytokine Production by Mycobacterium tuberculosis-Stimulated 

Monocytes

In a previous study, we demonstrated that IL-21-dependent 
expansion of memory-like NK cells enhances protective 
immune responses against Mtb [18]. We found that γ-Mtb-cul-
tured NK cells expressed significantly higher levels of IL-21R 
compared with monocytes (Supplementary Figure  2B). Here, 
we investigated whether culturing NK cells and monocytes 
in the presence of recombinant IL-21 had any effect on cyto-
kine production by monocytes. Freshly isolated NK cells and 
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Figure 1.  Interleukin (IL)-21 production by Mycobacterium tuberculosis (Mtb)-stimulated peripheral blood mononuclear cells (PBMCs). Freshly isolated PBMCs from 6 
healthy latent tuberculosis infection (LTBI)+ individuals were cultured with or without γ-irradiated M tuberculosis H37Rv (γ-Mtb, 10 μg/mL) for 120 hours. (A) The percentage 
of IL-21+ cells in total PBMCs (gated on all cells) was determined by flow cytometry. (B) The percentages of CD8+ cells and CD4+ cells that are IL-21+ were determined by 
flow cytometry. (C) A representative flow cytometry image (gated on CD4+IL-21+ cells) of 6 independent experiments is shown. (D) Freshly isolated PBMCs from healthy LTBI+ 
individuals and tuberculosis patients with active disease (10 donors in each group) were cultured with or without γ-irradiated Mtb H37Rv (γ-Mtb, 10 μg/mL). After 120 hours, 
the percentage of CD4+IL-21+ cells was determined by flow cytometry. The mean values, standard errors, and P values are shown.
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monocytes were cultured in the presence or absence of recom-
binant IL-21 and γ-Mtb for 48 hours, as mentioned under 
Methods. Interleukin-1β and MIP-1β levels were significantly 
higher and IL-10 levels were lower in the culture supernatants in 
the presence of recombinant IL-21 (Figure 3). We also measured 
IFN-γ levels in these culture supernatants. γ-Mtb increased 
IFN-γ production from 30.00 ± 15.44 pg/mL to 3829 ± 944.5 
pg/mL (P = .0028; Figure 3). Addition of IL-21 increased IFN-γ 
production further to 7307.4  ±  1337.8 (P  =  .012; Figure  3D). 
As previously observed, IL-21 has no effect on NK cells in the 
absence of antigen-primed antigen presenting cells [18]. Our 
findings demonstrate that IL-21-activated NK cells enhance 
monocyte responses against Mtb.

Interleukin-21 Enhances Human Natural Killer Cell-Mediated Lysis of 

Mycobacterium tuberculosis-Infected Autologous Monocytes

Cytokine and chemokine production by monocytes occurs 
during very early stages of Mtb infection [24]. In a previous 
study, we demonstrated that NK cells enhance cytokine pro-
duction by Mtb-stimulated macrophages and lyse Mtb-infected 
macrophages [3]. We determined whether IL-21 has any effect 
on NK-cell mediated lysis of Mtb-infected monocytes as men-
tioned in Supplementary Methods. Natural killer cells lysed a 
higher percentage of H37Rv-infected monocytes than unin-
fected monocytes (25.77% ± 3.7% vs 12.41% ± 3.7%, respec-
tively; P < .001), and this was further enhanced by the addition 
of recombinant IL-21 (35.03% ± 2.8%, P  <  .05; Figure  4A 
and B). Our results demonstrates that apart from enhancing 

proinflammatory cytokine production by Mtb-cultured mono-
cytes, IL-21-activated NK cells can lyse Mtb-infected mono-
cytes more efficiently than NK cells alone.

Interleukin-21 Enhances Human Natural Killer Cell-Mediated Inhibition of 

Mycobacterium tuberculosis Growth in Autologous Monocytes

Based on the above-mentioned findings, we determined the 
effect of IL-21 on NK cell-mediated inhibition of intracellular 
mycobacterial growth in monocytes. Freshly isolated mono-
cytes from 8 LTBI+ healthy individuals were infected with Mtb 
H37Rv at a multiplicity of infection of 1:2.5 and cultured with 
autologous NK cells. After 48 hours, 7.5 ×  106 colony-form-
ing units (CFU) per well of cultured monocytes alone were 
present. The addition of NK cells reduced the CFU 3.4 × 106 
(P  =  .002; Figure  4C). Addition of recombinant IL-21 to 
these cells further reduced the CFU to 0.93 × 106 (P =  .005; 
Figure 4C). Recombinant IL-21 had no effect on Mtb growth 
in monocytes in the absence of NK cells (Figure  4C). Our 
results demonstrate that IL-21-activated human NK cells 
inhibit Mtb growth in autologous monocytes more efficiently 
than NK cells alone.

Interleukin-21 Enhances Antimicrobial Peptide Expression by Human 

Natural Killer Cells

To determine the mechanism(s) by which IL-21 enhances 
NK cell-mediated inhibition of Mtb growth in human mono-
cytes, we measured antimicrobial peptide expression by con-
focal microscopy. The addition of freshly isolated NK cells to 
Mtb-infected monocytes enhanced perforin, granzyme B, and 

40 000

A B

C D

30 000

20 000

10 000

2000

1500

1000

500
400

300

pg
 m

l–1

200

100

0

P = .019

IL-1β MIP-1β

14

12

10

8

IL
-5

 in
 (p

g 
m

l–1
)

IF
N

-γ
 (p

g 
m

l–1
)

6

4

2

0

3500 5000

4000

3000

2000

IL
-1

0 
(p

g 
m

l–1
)

1000

0

3000

2500

2000

1500

1000

500

0IL-6

P = .028

P = .005 P = .0013

P = .0366

P = .0318

PBMC
PBMC + γ-Mtb
PBMC + γ-Mtb + IL-21 siRNA
PBMC + γ-Mtb + Control siRNA

Figure 2.  Effect of interleukin (IL)-21 small interfering ribonucleic acid (siRNA) on cytokine and chemokine production by peripheral blood mononuclear cells (PBMCs) of 
latent tuberculosis infection (LTBI)+ individuals. The PBMCs from 6 LTBI+ individuals were isolated, and cells were transfected with control or IL-21 siRNA as mentioned under 
Methods. Control PBMCs and siRNA-transfected PBMCs were cultured with or without γ-Mycobacterium tuberculosis (Mtb). After 120 hours, culture supernatants were 
collected and levels of various chemokines and cytokines were measured by multiplex enzyme-linked immunosorbent assay. The mean values, standard errors, and P values 
are shown.



IL-21 and Mycobacterium tuberculosis  •  JID  2018:217  (15 April)  •  1327

granulysin expression (Figure 5A and B). These findings sug-
gest that IL-21 enhances antimicrobial production by NK cells 
in response to Mtb-infected monocytes.

Interleukin-21 Inhibits Mycobacterium tuberculosis Growth in Infected 

Rag2 Knockout Mice

Rag2 KO mice have a germline mutation and fails to produce 
mature B and T lymphocytes [25]; however, their NK cell 
function is normal. To determine the in vivo relevance of the 
above-mentioned human studies, we evaluated the response 
of Rag2 KO mice treated with recombinant IL-21 and infected 
with Mtb as mentioned under Methods. Thirty days after infec-
tion, in Mtb-infected wild-type mice the CFU per lung was 
0.57 ± 0.05 ×  106, and this was increased to 3.8 ± 0.44 ×  106 
(P  =  .001; Figure  6A) in Rag2 KO mice. Recombinant IL-21 
treatment reduced the bacterial burden in Rag2 KO mice to 
1.25 ± 0.2 × 106 (P < .001; Figure 6A). We observed significant 
increases in IFN-γ, IL-1β, MIP-1β, and IL-6 and reduced IL-10 
expressions in the lungs of Mtb-infected mice that received 
recombinant IL-21 (Figure  6B). These findings suggest that 
IL-21 enhances NK cell responses to limit bacterial replication 
in the lungs of Mtb-infected mice.

DISCUSSION

Recent studies in animal models have demonstrated that 
IL-21 signaling is essential for optimal host resistance against 
Mtb infection and for the expansion of memory-like NK cells 
to provide protection against Mtb [18–20]. There is limited 
information available about production of IL-21 and its role 
in the human response to Mtb infection. In the current study, 
we observed the following. (1) Interleukin-21 is produced by 
human CD4+ and NK T cells. CD4+ cells of TB patients produce 
less IL-21 than that produced by CD4+ cells from LTBI+ individ-
uals. (2) Interleukin-21 had no direct effect on cytokine produc-
tion by Mtb-stimulated human monocytes. (3) Interleukin-21 
enhances human NK cell ability to produce IFN-γ and anti-
microbial peptides, lyse Mtb-infected monocytes, and restrict 
Mtb growth in human monocytes. (4) Interleukin-21-activated 
human NK cells enhance IL-1β, IL-18, and MIP-1β production 
and reduce IL-10 production by Mtb-stimulated monocytes. 
(5) Interleukin-21 inhibits Mtb growth in Rag2 KO mice and 
enhances NK cell responses.

Interleukin-21 is a pleiotropic cytokine produced primarily 
by CD4+ T-cell populations and NK T cells, and it acts on a broad 
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range of target cells including B cells, T cells, NK cells, dendritic 
cells, macrophages, and epithelial cells [26]. Interleukin-21 has 
several biological functions and induces the activation, prolifer-
ation, and differentiation of T cells, NK cells, and NK T cells [27].  

Interleukin-21 causes autoimmune disease [28], and IL-21 sig-
naling is critical for the development of type 1 diabetes [29]; 
however, it may also contribute to resistance against intracel-
lular pathogens, including viruses and mycobacteria [19, 20]. 
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In human Mtb infection, NK T cells produce IL-21 at the site of 
disease [30]. Decreased levels of IL-21 were detected in pulmo-
nary TB patients compared with those in LTBI+ individuals, and 
IL-21 levels were significantly restored after successful comple-
tion of the anti-TB treatment [31, 32]. In a murine model of 
Mtb infection, CD4+ cells have been demonstrated to be the 
major source of IL-21 [19]. We confirmed these findings and 
further demonstrated that antigen-experienced human CD4+ 
cells are also the major sources for IL-21 in human Mtb infec-
tion. In addition, our study also demonstrates that IL-21 has 
no direct effect on Mtb-infected monocytes but enhances mon-
ocyte responses against Mtb infection by enhancing NK cell 
responses.

T cells play a crucial role in protective immunity against Mtb 
and other intracellular pathogens [33], in part through produc-
tion of IFN-γ and TNF-α, that are required for resistance to 
infection [34, 35]. There is limited information about the role of 
IL-21 (T-cell cytokine) in protective immune responses against 
Mtb infection. Memory-like NK cells contribute to vaccine-in-
duced protective immune responses against Mtb infection, and 
IL-21 mediates the development and expansion of memory-like 
NK cells, as has been demonstrated in a murine model of Mtb 
infection [18]. Upon BCG immunization in mice and humans, 
NK T cells produce higher levels of IL-21 [30]. In Mtb-infected 
mice, IL-21 signaling is essential for optimal CD8+ T-cell prim-
ing, accumulation of T cells in the lungs, and enhancing T-cell 
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cytokine production [19]. These results suggest that IL-21 sig-
naling has an intrinsic role in promoting the protective capac-
ity of T cells during Mtb infection. Members of the γc family, 
including cytokines such as IL-2 and IL-15, are essential for the 
activation of NK cells [36]. Interleukin-21 is a member of the γc 
family, and limited information is available regarding the role 
in the activation of human NK cells. During viral infections, 
IL-21 is primarily produced by CD4+ cells and enhances T and 
NK cell functions [37]. In the current study, we found that IL-21 
enhances NK cell production of IFN-γ and antimicrobial pep-
tides. Interleukin-21-activated NK cells enhanced cytokine and 
chemokine production by Mtb-stimulated monocytes, lysed 
Mtb-infected monocytes, and restricted Mtb growth in mono-
cytes more efficiently than did control NK cells. Our current 
human study demonstrates that IL-21 is essential for optimal 
NK cell-mediated immune responses against Mtb infection.

CD4+ cells from TB patients produced less IL-21 in response 
to Mtb than did CD4+ cells from LTBI+ individuals. Reduced 
Mtb-induced IL-21 secretion by peripheral blood CD4+ cells in 
TB patients may be due to defective T-cell responses. In a pre-
vious study, we demonstrated that NK cells from TB patients 
produce less IFN-γ compared with that produced NK cells from 
LTBI+ individuals [3]. In the current study, we observed that 
IL-21 enhances IFN-γ production by human NK cells, suggest-
ing that NK cells of TB patients are defective in IFN-γ produc-
tion due to abnormalities in IL-21 production by T cells.

Natural killer cells are prominent components of the innate 
immune response; however, limited information is available 
on the role of NK cells in mycobacterial infection. In previous 

studies, we demonstrated that human NK cells lyse Mtb-
infected monocyte-derived and alveolar macrophages, through 
the NKp46 receptor and NKG2D [3, 38], and NK cell-derived 
IL-22 inhibits intracellular growth of Mtb by inducing calgran-
ulin A  expression and enhancing phagolysosomal fusion [8, 
39]. In the current study, we observed that IL-21 produced by 
antigen experienced CD4+ cells, and NK T cells enhances NK 
cell lysis of Mtb-infected monocytes and restricts Mtb growth in 
monocytes. Our results suggest a novel role for IL-21 in restrict-
ing Mtb growth in human Mtb infection.

Interleukin-1β is a proinflammatory cytokine that plays an 
important role in host defense against Mtb infection [41]. Beta 
chemokines, such as MIP-1β, are produced during Mtb in-
fection and inhibit Mtb growth [42]. Interleukin-18 plays an 
important role in IFN-γ production during human TB infec-
tion [24, 43]. The anti-inflammatory cytokine, IL-10, is path-
ogenic during Mtb infection [44]. We observed that IL-21 had 
no direct effect on cytokine production by Mtb-stimulated 
human monocytes (Supplementary Figure 3); however, it ac-
tivated human NK cells to enhance IL-1β, IL-18, and MIP-1β 
and reduce IL-10 production by Mtb-stimulated monocytes 
(Figure  3). Our findings demonstrate a novel role for IL-21 
to enhance protective immune responses during Mtb infec-
tion. Interleukin-10 and IL-21 belong to the same family, and, 
in the current study, we observed that IL-21 inhibits IL-10 
production by Mtb-stimulated monocytes by enhancing NK 
cell activity. Interleukin-21-activated human NK cells pro-
duced IFN-γ (Figure  3D), which is known to enhance mon-
ocyte effector functions [4]. Natural killer cells stimulate 
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Mtb-exposed macrophages to produce IL-15 and IL-18, which 
in turn enhances the capacity of CD8+ T cells to produce IFN-γ 
and to lyse Mtb-infected monocytes and increase IFN-γ pro-
duction by CD4+ cells [4, 45]. Our results suggest that IL-21-
activated NK cells contribute to immune defenses by favoring 
the development of a protective type 1 response. As reported 
in our previous studies [43], during the initial stages of infec-
tion with intracellular pathogens, cells of the innate immune 
system, such as monocytes and macrophages, produce soluble 
mediators that shape the nature of the subsequent adaptive 
immune response by T cells, which in turn produce cytokines 
that activate macrophages and stimulate them to produce spe-
cific patterns of monokines [46]. Because IFN-γ is central to 
the protection against many organisms, several positive feed-
back loops have been described that favor production of this 
cytokine [47]. Our findings demonstrate the presence of an 
additional positive feedback loop involving IL-21. We suggest 
that when healthy LTBI+ individuals are exposed to Mtb, NK T 
or CD4+ T cells may quickly produce IL-21, leading to greater 
IFN-γ production by NK cells and therefore rapid elimination 
of mycobacteria.

Rag2 KO mice do not have functional B and T lymphocytes; 
however, their NK cell function is normal [25]. Corresponding 
with our human studies, recombinant IL-21 significantly 
enhanced IFN-γ, IL-1β, and MIP-1β expression and reduced 
IL-10 expression as well as inhibited Mtb growth in the lungs 
of Rag2 KO mice, thereby demonstrating the in vivo relevance 
to our human studies. We observed that CD4+ cells are a major 
source of IL-21 during Mtb infection. Moreover, a progressive 
defect in CD4+ cell function is observed in HIV infection, which 
leads to defective IL-21 production in HIV-infected individuals 
[48]. Natural killer cells are not the primary cellular targets of 
HIV, and NK cell activation should not enhance HIV replica-
tion. Our findings also lay the groundwork for development of 
novel IL-21-dependent methods to stimulate NK cell-mediated 
immunity against TB in HIV+ individuals and may contribute 
to the development of an effective vaccine to prevent TB and 
development of novel immunotherapies to treat active TB in 
HIV+ individuals. Our study also serves to improve the under-
standing of the mechanisms that mediate susceptibility to TB in 
HIV+LTBI+ individuals and facilitate the development of inter-
ventions to prevent progression of LTBI to active TB.

CONCLUSIONS

In summary, we observed that IL-21 produced by Mtb-activated 
CD4+ cells activated NK cells to produce IFN-γ and antimi-
crobial peptides to lyse Mtb-infected monocytes and to inhibit 
Mtb growth. Interleukin-21-activated NK cells also enhanced 
IL-1β, IL-18 and MIP-1β production and reduced IL-10 pro-
duction by Mtb-stimulated monocytes. This suggests a novel 
role for IL-21 in protection against intracellular bacteria, 

such as Mtb. Further identification of IL-21-dependent and 
IL-21 receptor-dependent mechanisms that regulate NK cell 
responses will reveal regulatory pathways that may yield new 
targets for enhancing NK cell-mediated immunity during TB 
infection.
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