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Mycobacterium scrofulaceum is an environmental and 
slow-growing atypical mycobacterium. Emerging evidence 
suggests that M. scrofulaceum infection is associated with 
cervical lymphadenitis in children and pulmonary or systemic 
infections in immunocompromised adults. However, the na-
ture of host innate immune responses to M. scrofulaceum re-
mains unclear. In this study, we examined the innate immune 
responses in murine bone marrow-derived macrophages 
(BMDMs) infected with different M. scrofulaceum strains in-
cluding ATCC type strains and two clinically isolated strains 
(rough and smooth types). All three strains resulted in the 
production of proinflammatory cytokines in BMDMs medi-
ated through toll-like receptor-2 and the adaptor MyD88. 
Activation of MAPKs (extracellular signal-regulated kinase 
1/2, and p38, and c-Jun N-terminal kinase) and nuclear re-
ceptor (NF)-κB together with intracellular reactive oxygen 
species generation were required for the expression of proin-
flammatory cytokines in BMDMs. In addition, the rough mor-
photypes of M. scrofulaceum clinical strains induced higher 
levels of proinflammatory cytokines, MAPK and NF-κB acti-
vation, and ROS production than other strains. When mice 
were infected with different M. scrofulaceum strains, those 
infected with the rough strain showed the greatest hep-
atosplenomegaly, granulomatous lesions, and immune cell in-
filtration in the lungs. Notably, the bacterial load was higher 
in mice infected with rough colonies than in mice infected 

with ATCC or smooth strains. Collectively, these data in-
dicate that rough M. scrofulaceum induces higher in-
flammatory responses and virulence than ATCC or smooth 
strains. 
[Immune Network 2014;14(6):307-320]
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INTRODUCTION

Mycobacterium scrofulaceum is a slow-growing environ-

mental and opportunistic atypical mycobacterium that causes 

cervical lymphadenopathy in children and disseminated in-

fection in adult patients with immunodeficiency (1). In addi-

tion, an extensively disseminated M. scrofulaceum infection 

was reported in an immunocompetent host with miliary lung 

lesions, lymphadenitis, granulomatous hepatitis, osteomyelitis, 

and subcutaneous abscesses (2). In Korea, M. scrofulaceum 

causes one of the most prevalent nontuberculous mycobacte-

rial (NTM) pulmonary diseases, often found in immunocom-

petent patients (3). M. scrofulaceum is often classified as an 

MAIS organism (with M. avium and M. intracellulare). MAIS 
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organisms are isolated from all parts of the environmental, 

especially drinking water and municipal water systems. 

Because MAIS organisms are generally resistant to most anti-

microbial drugs, surgical excision often is used for treatment 

of lymphadenitis associated with atypical mycobacterial in-

fection (4,5). However, the nature of the host immune re-

sponse and pathogenic mechanisms that control the immune 

system in M. scrofulaceum infection remain unclear. 

  Growing evidence suggests that the innate immune system 

is an essential sentinel to protect the host as a primary and 

immediate defense during mycobacterial infection (6). Toll- 

like receptor is one of the most characteristic innate immune 

receptors and plays a crucial role in the initiation of in-

flammatory cytokine production and intracellular signaling to 

induce nuclear factor-κB activation in various cells infected 

with diverse mycobacterial strains (7-9). The activation of in-

nate immune signaling induced by mycobacteria or their dis-

tinct components was shown to result in the production of 

proinflammatory cytokines and antimicrobial proteins in mac-

rophages, promoting early control of mycobacterial infection 

(7,10). Triggering of innate immune receptors by mycobacte-

rial ligands or mycobacteria leads to an activation of the mi-

togen-activated protein kinase (MAPK) pathway through TGF-

β-activated kinase 1 (TAK1)-TAK1-binding protein (TAB) 

complex activation (11,12). In addition, the induction and ac-

tivation of innate immune responses are crucial in shaping 

adaptive immune responses (13). In addition, mycobacterial 

infection triggers oxidative stress to increase the generation 

of intracellular reactive oxygen species, playing essential roles 

in signaling to mediate a variety of physiological functions in 

addition to pathogen killing in phagocytes (14,15). However, 

M. scrofulaceum-induced host innate immune responses and 

their regulatory mechanisms have not been fully elucidated, 

compared to those induced by M. tuberculosis or other NTM 

infection.

  In this study, we examined not only the intracellular signal-

ing pathways induced by M. scrofulaceum infection and un-

derlying molecular mechanism, but also essential role of M. 

scrofulaceum morphotypes for regulating innate immune re-

sponses using ATCC type strains and clinically isolated two 

strains.

MATERIALS AND METHODS

Mice and cells
Wild-type 6-to-8-week-old female C57BL/6 mice were pur-

chased form SAMTAKO BIO KOREA (Gyeonggi-do, Korea) 

and TLR2-, MyD88-, and TRIF-knockout (KO) mice on a 

C57BL/6 background were kindly provided by Dr. S. Akira 

(Osaka University, Japan). All animal procedures were ap-

proved by the Institutional Animal Care and Use Committee 

of Chungnam National University. Primary BMDMs were iso-

lated from femurs of mice and then differentiated for 5∼7 

days in DMEM (Life Technologies BRL) containing macro-

phage colony stimulating factor (M-CSF, 25 ng/ml) (R&D sys-

tems, Minneapolis, MN, USA), 4 mM glutamine, and 10% FBS, 

as described previously (16).

Chemicals and reagents
All reagents and chemicals were purchased from Sigma- 

Aldrich except those noted below, which were obtained from 

the indicated suppliers. Specific Abs against phospho-ERK1/2 

(Thr202/Tyr204), phospho-p38 (Thr180/Tyr182), and phos-

pho-JNK (Thr183/Tyr185) were purchased from Cell signaling 

Technology (Cell signaling, Beverly, MA, USA). Specific in-

hibitors of MAPKs [U0126 (MEK inhibitor), SB203580 (p38 in-

hibitor), and SP600125 (JNK inhibitor)], the antioxidant N-ace-

tyl-L-cysteine (NAC), diphenyleneiodonium (DPI) as an in-

hibitor of NADPH oxidase, BAY11-7082 (Bay), and caffeic 

acid phenethyl ester (CAPE) were purchased from 

Calbiochem (San Diego, CA, USA). Anti-β-actin (I-19) was 

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 

USA). Dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, 

MO, USA) was added to cultures at a concentration of 0.1% 

(v/v) as a solvent control. 

Bacterial strains, infection, and bacterial loads
M. scrofulaceum ATCC and clinical strains (KMRC 200-30113, 

-30114, -30115, -30116) were obtained from the Korean 

Institute of Tuberculosis (Osong, Chungbuk, Korea), main-

tained in Ogawa medium, and inoculated in Middlebrook 7H9 

broth (Difco Laboratories, Detroit, MI, USA) supplemented 

with 10% oleic acid-albumin-dextrose-catalase (OADC) (BD 

Pharmingen, San Diego, CA, USA), 0.5% glycerol, and 0.05% 

Tween 80 (Sigma-Aldrich) at 37oC. Inocula were prepared 

from the mid-exponential-growth phase cultures. Bacteria 

were washed four times with cold PBS and then concentrated 

or diluted as needed. The number of colony-forming units 

(CFU) per milliliter was determined by plating on 7H10 agar 

supplemented with OADC at 37
o
C. For the in vitro experi-

ments, macrophage infections were performed as described 

previously (16). Briefly, cells were infected with mycobacteria 
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at different MOIs and incubated for 4 h at 37
o
C in a 5% CO2 

atmosphere. After allowing time for phagocytosis, cells were 

washed four times with fresh PBS to remove extracellular bac-

teria and then incubated with complete DMEM without 

antibiotics. As controls, cultures of uninfected macrophages 

were maintained under the same conditions. For the in vivo 

experiments, a bacterial inoculum was prepared by thawing 

a frozen aliquot of a mycobacterium. Mice were intravenously 

injected with a suspension of 5×107 or 5×108 CFU bacteria 

per mouse in a final volume of 100μl. Mice were euthanized 

at 0, 3, 7, 15, and 30 days after infection and the bacterial 

loads in the infected organs were determined by plating serial 

10-fold dilutions of tissue homogenates on Middlebrook 7H10 

medium supplemented with OADC. The plates were in-

cubated for 4∼6 weeks at 37oC. Control mice were injected 

with sterile saline.

Colony morphology and cord formation
Colony morphology was evaluated on 7H10 agar plates by 

microscopic observation. For detection of the cord formation, 

bacteria were cultured in 7H9 under stationary phase con-

ditioned broth at 37
o
C for 7 days. Culture suspensions were 

spun onto glass slides using a cytocentrifuge and the bacteria 

were heat-fixed and then stained with crystal violet dye. 

Bacteria were examined at ×40 or ×100 magnification using 

a light microscope (Olympus, Japan) and photographed.

Quantitative and semi-quantitative RT-PCR
BMDMs or mice were infected as indicated in the figures and 

processed for analysis by RT-PCR, Western blot, and sand-

wich ELISA as described previously (16). Briefly, total RNA 

was isolated from BMDMs or lungs of mice using TRIzol re-

agent (Invitrogen, Carlsbad, CA) according to the manufactur-

er's instructions. Then, semi-quantitative reverse transcription 

polymerase chain reaction (RT-PCR) and real-time quantita-

tive PCR were performed. The sequences of the primers used 

are as follows: TNF-α (forward) 5'-CGGACTCCGCAAAGTC-

TAAG-3', (reverse) 5'-ACGGCATGGATCTCAAAGAC-3', IL-6 

(forward) 5'-GGAAATTGGGGTAGGAAGGA-3', (reverse) 5'- 

CCGGAGAGGAGACTTCACAG-3', IL-12p40 (forward) 5'-GGA 

AGCACGGCAGCAGAATA-3', (reverse) 5'-AACTTGAGGGAG-

AAGTAGGAATGG-3', β-actin (forward) 5'-TCATGAAGTGTG-

ACGTTGACATCCGT-3', (reverse) 5'-CCTAGAAGCATTTGCG-

GTGCACGATG-3'. PCR was performed as follows: For proin-

flammatory cytokine PCR, 30 cycles of denaturation at 95oC 

for 1 min, annealing at 58
o
C for 1 min, and extension at 72

o
C 

for 1 min, with a final extension at 72
o
C for 10 min. Real-time 

PCR was performed using SYBR Green PCR Master Mix 

(Molecular Probes, Carlsbad, CA, USA), and transcript levels 

were quantified using an ABI 7900 Sequence Detection 

System (Applied Biosystems). The mean value of triplicate re-

actions was normalized against the mean value for β-actin. 

NF-κB luciferase assay and immunofluorescence 
analysis of NF-κB p65 translocation
For the NF-κB luciferase assay, BMDMs were transduced with 

NF-κB p65 luciferase reporter adenovirus [20 plaque-forming 

units (PFU)/cell] constructs. After 36 h, the culture medium 

was changed to new medium and then cells were infected 

with MS strains (MOI=1, 5, 10). After 4 h, the cells were har-

vested in lysis buffer and luciferase activity was measured by 

a dual luciferase assay (Promega, Madison, WI, USA) as rec-

ommended by the manufacturer. 

  NF-κB p65 translocation was detected by immunofluore-

scence microscopy analysis as described previously (9). 

Briefly, BMDMs differentiated on coverslips were infected 

with MS strains at 37oC for 6 h, fixed with 4% (w/v) paraf-

ormaldehyde in PBS for 10 min at RT, permeabilized with 

0.25% (v/v) Triton X-100 in PBS for 15 min at RT, and then 

blocked with 3% bovine serum albumin (BSA) in PBS for 1 

h. Cells were immunostained with rabbit anti-mouse NF-κB 

p65 (1:400) for 2 h and the staining was detected using Alexa 

Fluor 488-conjugated anti-rabbit immunoglobulin (Ig) G 

(1:400, Molecular Probes, Eugene, OR, USA) for 1 h at RT. 

Nuclei were stained by incubation with 1μg/ml 4’,6’-dia-

midino-2-phenylindole (DAPI; Sigma-Aldrich). After mount-

ing, fluorescence images were acquired with a confocal laser 

scanning microscope (DP ver. 1.2.108, Olympus).

Western blotting and enzyme-linked immunosorbent 
assay (ELISA)
For immunoblot analysis, primary Abs were diluted 1:1,000. 

Membranes were developed using a chemiluminescent re-

agent (ECL; Pharmacia-Amersham, Freiburg, Germany) (17). 

In sandwich ELISA, the levels of TNF-α, IL-6, and IL-12p40 

in cell culture supernatants were analyzed using DuoSet anti-

body pairs (BD Pharmingen), according to the manufacturer’s 
protocol.

Determination of cellular ROS
ROS production was measured by DHE assay, as previously 

described (8). Briefly, BMDMs were infected with MS strains 
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(MOI=5, 10) for 30 min and washed three times with phos-

phate-buffered saline (PBS) to remove extracellular bacteria. 

The cells were incubated with 2μM DHE dye to detect su-

peroxide for 30 min at 37
o
C in 5% CO2 and then fixed with 

4% paraformaldehyde in PBS at room temperature (RT) fol-

lowed by flow cytometry using a FACSCanto II flow cy-

tometer (Becton Dickinson, San Jose, CA, USA) and FlowJo 

software (Tree Star, Ashland, OR, USA).

Pulmonarly histopathology and immunohistochemi-
cal staining 
Mice were sacrificed at 0, 3, 7, 15, and 30 days after infection 

with MS strains and lung tissue was collected from individual 

mice. Lung tissues were fixed in 10% formalin and then dehy-

drated, paraffin-embedded, and sectioned at 5μm. Sections 

of lung tissues were stained with haematoxylin and eosin for 

histopathological analysis. Morphometric image analysis was 

performed at ×100 or ×200 magnification. For immunohisto-

chemical staining of COX-2, paraffin-embedded lung sections 

were stained using rabbit anti-mouse polyclonal COX-2 anti-

body (Abcam, Cambridge, UK), biotin-conjugated rabbit an-

ti-mouse IgG, and a peroxidase-conjugated streptavidin 

antibody. Then, visualization was performed with 3,3-dia-

minobenzidine as the peroxidase substrate (Sigma-Aldrich).

Statistical analysis
The data were obtained as the mean (±standard deviation) 

value from independent experiments on 3∼5 mice per 

group. The statistical analyses were performed using Student’s 
t-test with Bonferroni correction or analysis of variance in ad-

dition to two-way ANOVA using GraphPad Prism version 5 

(GraphPad software Inc, San Diego, CA, USA). p＜0.05 was 

considered significant. 

RESULTS

M. scrofulaceum 114R strain induces enhanced proin-
flammatory cytokine responses compared to other 
strains
Previous studies demonstrated that the morphotype of myco-

bacteria is associated with virulence (18,19). To identify the 

correlation between morphotype and host immune responses 

of M. scrofulaceum, we prepared various strains of M. scrof-

ulaceum including ATCC 19991 (ATCC), clinically isolated 

KMRC 00200-30113 (113S), MS KMRC 00200-30114 (114R), 

KMRC 00200-30115 (115S), and KMRC 00200-30116 (116S). 

Microscopic images indicated that only colonies of the 114R 

strain had a rough morphology similar to that of the M. tuber-

culosis virulent strain (H37RV) (Fig. 1A). We next examined 

whether the colony morphology affects the production of 

proinflammatory cytokines such as tumor necrosis factor 

(TNF)-α, interleukin (IL)-6, and IL-12p40. We infected bone 

marrow-derived macrophages (BMDMs) with the ATCC, 113S, 

or 114R strains of M. scrofulaceum and examined the mRNA 

and protein expression of proinflammatory cytokines. As 

shown in Fig. 1B, the cells infected with 114R showed higher 

mRNA expression of TNF, IL-6, and IL-12p40 than those in-

fected with ATCC or 113S at both 3 h and 6 h of infection. 

Consistent with these findings, protein expression of proin-

flammatory cytokines was highly increased in cells infected 

with 114R compared with those infected with ATCC, 113S, 

115S, 116S in concentration- and time-dependent manners 

(Fig. 1C). These findings indicate that M. scrofulaceum-medi-

ated proinflammatory responses depend on colony morpho-

type.

The TLR2/MyD88 pathway, but not TRIF, is required for 
production of proinflammatory cytokines in M. scro-
fulaceum-infected macrophages
Numerous studies have reported that mycobacteria and their 

antigenic components activate intracellular signaling cascade 

through innate recognition of TLRs (9,12,16,17,20). To de-

termine the roles of TLR2 in mycobacteria-induced production 

of proinflammatory cytokines in macrophages, BMDMs from 

TLR2 wild type (WT) and knockout (KO) mice were stimu-

lated with ATCC, 113S, or 114R strains of M. scrofulaceum 

in an MOI-dependent manner. As shown in Fig. 2A, the my-

cobacteria-induced production of TNF, IL-6, and IL-12p40 was 

absolutely inhibited in BMDMs from TLR2 KO mice. Because 

the adaptor proteins MyD88 and TRIF are essential for signal 

transduction of TLR (21), we further examined whether the 

production of these three strain-induced cytokines was de-

pendent on either MyD88 or TRIF. BMDMs from MyD88 KO 

mice but not from TRIF KO mice showed a significant de-

crease of TNF, IL-6, and IL-12p40 levels after infection with 

each of the strains (Fig. 2B). These results suggest that the 

TLR2/MyD88 signaling pathway is important for host in-

flammatory responses in M. scrofulaceum infection.
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NF-κB signaling is critical for enhanced proinflam-
matory responses against infection by M. scrofula-
ceum 114R
As a consequence of cross-talk between pattern-recognition 

receptors (PRRs) and mycobacteria, inflammatory responses 

are mainly initiated by a conserved signaling pathway involv-

ing NF-κB activation (12). We therefore examined NF-κB lu-

ciferase activity and nuclear translocation in BMDMs infected 

with the ATCC, 113S, or 114R strains of M. scrofulaceum. As 

shown in Fig. 3A, 114R-infected cells showed higher NF-κB 

luciferase activity than cells infected with ATCC or 113S in 

a dose-dependent manner. NF-κB nuclear translocation is fol-

lowed by phosphorylation of the IκB kinase (IKK) complex 

and the inhibitor of NF-κB proteins (IκB)-α, which is critical 

for the transcriptional activation of target genes including 

proinflammatory cytokines (22). We found that 114R infection 

resulted in a greater enhancement of nuclear translocation of 

p65 (Fig. 3B) than ATCC or 113S infection. In addition, pre-

Figure 1. Mycobacterium scrofulaceum-114R elicits cord 
formation and enhanced expression of proinflammatory 
cytokines in BMDMs. (A) The colony type of M. scrofula-
ceum-ATCC, -113S, and -114R on 7H10 agar plates was 
characterized microscopically at ×40 (a) and ×100 
magnification (b), and the cords formed in broth culture after 
14 days of incubation were heat fixed and then stained with 
crystal violet (c). (B and C) BMDMs were infected with 
different clinical M. scrofulaceum strains (MOI=3) for the 
indicated times. The mRNA expression and production of 
TNF-α, IL-6, and IL-12p40 were evaluated by semi-quanti-
tative RT-PCR (B) and ELISA (C), respectively. The relative 
expression levels were normalized against those of β-actin 
(B, bottom). The data show the means±SD from three 
independent experiments. U; uninfected control.
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Figure 2. Mycobacterium scrofulaceum-induced proinflammatory 
cytokine production is mediated by TLR2/MyD88 signaling. (A and 
B) BMDMs isolated from WT and TLR2 KO mice (for A) or WT, 
MyD88, and TRIF KO mice (for B) were stimulated with M. 
scrofulaceum-ATCC, -113S, and -114R (MOI=1, 5, 10) for 18 h. The 
levels of TNF-α, IL-6, and IL-12p40 in the supernatants were 
measured by ELISA. Pam3CSK4 (P; 100 ng/ml) was used as positive 
ligand for TLR2. The data represent the mean±SD from three 
independent experiments. U; uninfected control.

Figure 3. Mycobacterium scrofulaceum-114R strongly increases the 
production of proinflammatory cytokines through NF-κB signaling in 
BMDMs. (A) BMDMs were transduced with NF-κB p65 adenovirus 
luciferase construct (20 PFU/cells) for 36 h and then infected with 
M. scrofulaceum-ATCC, -113S, -114R (MOI=1, 5, 10) for 4 h. Cell 
lysates were harvested and luciferase activity was measured. (B) 
BMDMs were infected with M. scrofulaceum strains (MOI=5) for 30 
min and then immunolabeled with anti-NF-κB p65 antibody and 
anti-rabbit-AlexaFluor 488 (green), and the nuclei were stained with 
DAPI (blue). Representative immunofluorescence images (left panel) 
and the average mean fluorescence intensity of cells exhibiting NF-κ
B nuclear translocation (right panel) are shown. (C) BMDMs were 
preincubated in the presence or absence of BAY11-7082 (BAY; 0.3, 
1, 3μM) or CAPE (1, 5, 10μM) for 45 min prior to infection with 
M. scrofulaceum strains (MOI=5). The mRNA expression and pro-
duction of TNF-α and IL-6 were evaluated by semi-quantitative 
RT-PCR. The data show the mean±SD from three independent 
experiments. U; uninfected control, SC; solvent control (0.1% DMSO).

treatment with NF-κB specific inhibitors including Bay 

11-7085 (BAY) and caffeic acid phenethyl ester (CAPE) sig-

nificantly inhibited the mRNA expression of 114R-induced 

proinflammatory cytokines such as TNF-α and IL-6 (Fig. 3C). 

These results suggest that 114R activated NF-κB signaling 

more strongly than ATCC or 113S to produce proinflammatory 

cytokines.

M. scrofulaceum 114R strain actively induces MAPK 
activation in macrophages
We previously found that mycobacterial infection induced 



Innate Responses Against Mycobacterium scrofulaceum
Ki-Hye Kim, et al.

IMMUNE NETWORK Vol. 14, No. 6: 307-320, December, 2014 313

Figure 4. Mycobacterium scrofulaceum 114R-induced pro-inflammatory cytokine production is modulated through MAPK signaling in BMDMs. 
(A) Kinetics of phospho- RK1/2, -p38, and -SAPK/JNK in BMDMs infected with M. scrofulaceum-ATCC, -113S, and -114R (MOI=5). The cell 
lysates were collected at the indicated times and phosphorylated MAPKs were examined by western blot analysis. β-ctin was used as a loading 
control. (B) Expression levels were normalized against those of β-actin (C) BMDMs were pretreated with p38 inhibitor (SB203580; 1, 5, and 
10μM), MEK-1 inhibitor (U0126; 5, 10, and 20μM), and JNK inhibitor (JNK; 5, 10, and 20μM) for 45 min prior to infection with different 
M. scrofulaceum strains (MOI=5). The culture supernatants were harvested at 18 h, and the production of TNF-α , IL-6, and IL-12p40 cytokines 
was measured by ELISA. The data show the mean±SD of three independent experiments. Significant differences: #p＜0.05 compared with 
uninfected control; *p＜0.05, **p＜0.01, and ***p＜0.001 compared with solvent control. U; uninfected control, SC; solvent control (0.1% 
DMSO).

phosphorylation of MAPK such as p38, JNK, and ERK1/2, re-

sulting in production of inflammatory cytokines (16,20). To 

determine whether M. scrofulaceum-induced inflammatory re-

sponses were dependent on MAPK signaling, we monitored 

MAPK activation in macrophages. Although these three strains 

induced phosphorylation of p38, SAPK/JNK and ERK1/2, the 
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Figure 5. ROS signaling-mediated 
proinflammatory cytokine product-
ion in Mycobacterium scrofula-
ceum-infected BMDMs (A) BMDMs 
were infected with M. scrofula-
ceum-ATCC, -113S, or -114R (MOI 
5, 10) for 30 min and then stained 
with DHE for 30 min. Superoxide- 
roducing cells were analyzed by 
flow cytometry. (B) BMDMs were 
incubated with NAC (10, 20, and 
30 mM) or DPI (1, 5, and 10μM) 
before infection with different M. 
scrofulaceum strains (MOI=5). The 
supernatant was harvested at 20 h, 
and cytokine production was mea-
sured by ELISA. The data show the 
mean±SD of three independent 
experiments. Significant differences: 
**p＜0.01 and ***p＜0.001 com-
pared with solvent control. U; 
uninfected control, SC; solvent 
control (0.1% DMSO).

114R strain especially induced rapid and strong activation 

within 30 min (Fig. 4A and B). We next investigated the role 

of MAPK signaling in proinflammatory cytokine production 

induced by the 114R strain. As shown in Fig. 4C, pretreat-

ment with specific inhibitors of JNK (SP600125), p38 

(SB203580), or MEK (U0126) caused significant inhibition of 

114R-induced TNF-α, IL-6, and IL-12p40 production in a con-

centration-dependent manner (Fig. 4C). Together, these re-

sults suggest that the 114R strain strongly induces the pro-

duction of proinflammatory cytokines through enhanced acti-

vation of MAPK signaling compared to ATCC or 113S in 

macrophages.

NADPH oxidase-dependent ROS generation regul-
ates inflammatory responses to M. scrofulaceum 
infection in macrophages
Previous studies proposed that Gp91phox/NADPH oxidase 

(NOX) 2 is critical for regulation of TLR-mediated in-

flammatory responses and host innate immune responses 

against M. tuberculosis (15) and M. massiliense (20). We first 

investigated whether M. scrofulaceum induced intracellular 

superoxide production in BMDMs using the oxidative fluo-

rescent dye dihydroethidium (DHE). Flow cytometric analysis 

(Fig. 5A) showed that 114R infection, but not that of ATCC 

or 113S, strongly induced superoxide generation at MOI 5 and 

10. We further examined whether 114R-induced ROS gen-
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Figure 6. Mycobacterium scrofulaceum-114R infection induces granulomatous lesion formation, higher mycobacteria burden and inflammation 
in the lung C57BL/6 mice were infected intravenously with 5×107 CFU of M. scrofulaceum-ATCC, -113S, or 114R or treated with saline (UI) 
for the indicated periods of time. (A) Lung tissues were collected and fixed with 10% formalin and paraffin-embedded. Lung sections were stained 
with hematoxylin and eosin (H&E). Inflammatory cell infiltration, granulomatous lesions, and lung histology were observed at ×100 (upper) 
or ×200 (bottom) magnification; the black arrowhead in the panel indicates the granulomatous lesion. (B) mRNA expression of TNF-α, IL-6, 
and IL-12p40 cytokines in the lungs was determined by real-time PCR analysis. (C) Expression of COX-2 in lungs of mice infected with M. 
scrofulaceum strains was examined at 14 days post-infection by immunohistochemical staining of COX-2. (D) The mycobacterial loads of the 
lungs were determined at 0 and 7 days post-infection. The data show the mean±SD of three individual mice per group. Significant difference: 
*p＜0.05, compared to M. scrofulaceum-ATCC or -113S-infected mice; **p＜0.01 compared with the uninfected control (UI).

eration was essential for the production of proinflammatory 

cytokines in macrophages infected with the three strains. As 

shown in Fig. 5B, pretreatment with the general ROS scav-

enger NAC and NADPH oxidase inhibitor DPI significantly at-

tenuated the production of TNF-α in a concentration-depend-

ent manner. These data suggest that 114R activated ROS gen-

eration more strongly than ATCC or 113S, which resulted in 

hyperactivation of inflammatory responses.
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Lungs of mice infected with different M. scrofula-
ceum stains exhibit histological changes and bac-
terial loads with the progression of infection
Mycobacterial infection is known as a major source of gran-

ulomatous reactions in humans and in animal models (23). 

We first investigated whether infection by M. scrofulaceum 

ATCC, 113S, and 114R strains induced granuloma formation 

in a murine model. At day 7, 114R-infected mice showed a 

stronger granulomatous response and infiltration of immune 

cells (Fig. 6A) than ATCC- or 113S-infected mice. In compar-

ison to animals infected with the ATCC or 113S strain, 

114R-infected mice showed significantly higher bacterial loads 

at day 7 post infection (Fig. 6D).

  During M. tuberculosis infection, inflammatory responses 

are closely associated with granulomatous reactions (24). We 

thus examined the inflammatory responses in mice infected 

with the three strains. As shown in Fig. 6C, expression of 

cyclooxygenase-2, a key enzyme for activation of the in-

flammatory cascade, was significantly higher in the lungs of 

114R-infected mice than in those of ATCC- or 113S-infected 

mice. We further analyzed the mRNA expression of proin-

flammatory cytokines in mouse lungs infected with the three 

strains. mRNA expression of TNF-α, IL-6, and IL-12p40 was 

higher in the lungs of 114R-infected mice than in those of 

ATCC or 113S-infected mice (Fig. 6B). Together, these data 

indicate that 114R infection induces strong inflammatory re-

sponses that finally result in enhanced granulomatous re-

actions.

DISCUSSION

M. scrofulaceum belonging to the MAIS organisms (with M. 

avium and M. intracellulare) (4) is associated with non-tuber-

culous mycobacterial (NTM) lymphadenitis and pulmonary 

disseminated infection in adult patients with or without im-

munodeficiency (1-3,25-27). M. scrofulaceum is an environ-

mental mycobacteria isolated from soil and water in tropical 

regions (28) and also found in cooling towers that are suitable 

environments for potentially pathogenic mycobacteria (29). 

  M. scrofulaceum infection is relatively rare compared to in-

fection by other MAIS organisms but appears to have clinical 

relevance associated with HIV infection in humans (1,30). In 

animal infection models, prior M. scrofulaceum infection 

(with two other mycobacterial strains, such as M. avium and 

M. vaccae) led to significant inhibition of BCG multiplication 

and reduced vaccination effects in sensitized mice (31). Thus, 

it is considered that priming immune host responses with en-

vironmental mycobacteria could reduce the protective effects 

of BCG infection or vaccination to a level insufficient to con-

trol M. tuberculosis infection (31,32). Despite these findings, 

the inducing activities and regulatory mechanisms of the 

slow-growing NTM M. scrofulaceum with respect to the host 

innate and inflammatory immune responses have been poorly 

characterized, compared to those of M. tuberculosis or rap-

idly growing NTMs. In the present study, we found that R 

isolates formed multicellular cords, similar to those observed 

in M. tuberculosis, but S isolates did not. We then subjected 

each morphotype to further immune studies. We found that 

M. scrofulaceum-infected macrophages showed a robust in-

duction of proinflammatory cytokine expression, and the R 

morphotype of M. scrofulaceum clinical isolates induced 

higher cytokine production than type strains and the S 

morphotype.

  Although previous studies described the R morphology of 

a M. avium-M. intracellulare-M. scrofulaceum complex lack-

ing outer cell wall C-mycoside glycopeptidolipids (GPLs) (33), 

the present data on increased induction of inflammatory re-

sponses by the M. scrofulaceum R morphotype partially sup-

ports the findings of previous studies in other NTM strains 

showing the induction of enhanced immune and inflam-

matory responses by R type NTM strains. In certain NTM 

strains, the S morphotypes usually contain GPLs that are 

found in the outermost part of the cell envelope and also play 

a key role in biofilm formation (18,34). The R type that lacks 

GPLs can multiply in host macrophages and cause persistent 

infection although it cannot form biofilms (18). Recently, it 

was shown that the massive production of serpentine cords 

by the R variant of M. abscessus contributes to resistance 

against phagocytosis in macrophages or neutrophils and in-

duces abscess formation and increased virulence in zebrafish 

models (35). In addition, the R type of M. abscessus activates 

innate immune responses in macrophages through TLR2, sug-

gesting that GPLs on NTM cell walls mask the underlying my-

cobacterial lipids, thereby promoting innate immune re-

sponses and airway inflammation (36). Recent studies also 

showed that human monocytes were not able to internalize 

the R type of M. abscessus and induced higher IL-1β pro-

duction and lower IL-10 production than the S type (37). 

Taken together, the current observations that the R type of 

M. scrofulaceum induced increased proinflammatory re-

sponses in macrophages are consistent with previous findings 

for other NTM strains, especially M. abscessus.
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  TLR2 and MyD88 are required for early proinflammatory 

cytokine generation in the macrophage response against M. 

scrofulaceum infection. Our data indicate a dependence on 

NF-κB to also drive inflammatory responses against M. scro-

fulaceum. Previous studies by us and others showed that 

TLR2-dependent signaling is important for NF-κB signaling 

and proinflammatory cytokine generation in macrophages in 

response to diverse mycobacterial strains including M. tuber-

culosis, M. avium, M. abscessus, and M. massilience 

(7-9,20,38,39). In addition, mycobacterial components, in-

cluding lipomannans from M. chelonae and M. kansasii were 

shown to induce proinflammatory cytokine generation 

through TLR2 (40). M. tuberculosis was shown to recognize 

TLR2, TLR4, and TLR9 in initiating innate immune responses 

(38,41). The TLR adaptor MyD88 plays a key role in the acti-

vation of innate immune responses to mycobacterial in-

fection. Based on these findings, MyD88-deficient mice have 

increased susceptibility for acute M. tuberculosis infection 

(42). In addition, MyD88-deficient macrophages and dendritic 

cells showed defective cytokine and nitric oxide production 

in response to mycobacterial infection (42). The current data 

demonstrate that TLR2-MyD88-NF-κB signaling is mainly re-

quired for M. scrofulaceum-induced innate immune responses 

in macrophages. TLR2-induced host immune responses are 

essential for the suppression of mycobacterial proliferation 

within macrophages but also function in mycobacterial es-

cape through decreased MHC-II expression or antigen-pro-

cessing ability (43). 

  The MAPK signaling pathway has been described to be in-

volved in the generation of proinflammatory cytokines such 

as TNF-α, IL-6, and IL-12p40 during mycobacterial infection 

(7,44). TLR-induced MAPK signaling is required for the ini-

tiation of effective innate immune responses against myco-

bacterial components and M. tuberculosis (7,44,45). Our pre-

vious studies showed that MAPK activation in response to the 

mycobacterial 38-kDa antigen was highly increased in human 

monocytes from active pulmonary tuberculosis patients (46). 

Recently, it was shown that MAPK activation and pro- and 

anti-inflammatory cytokine secretion were significantly de-

pressed in monocytes from patients with M. abscessus pulmo-

nary diseases (47). Therefore, the analysis of the activation 

of the MAPK signaling pathway may contribute to an ex-

planation of M. tuberculosis host susceptibility and atypical 

mycobacterial infection.

  Phagocytized bacterial infection by host innate immune 

cells including mycobacteria initiates an oxidative burst re-

action (48). Generation of free radicals derived from phag-

ocytes infected with human pathogens contributes to both ef-

fective defense and immune escape during microbial infection 

(49,50). Moreover, intracellular ROS are critical signaling me-

diators in immune cells for various physiological functions in-

cluding TLR signaling in response to various types of micro-

bial ligand stimulation (15). Our support previous findings 

that ROS signaling is required for inflammatory cytokine gen-

eration in macrophages infected with M. massiliense (20). 

Previous studies found that ROS generation is required for the 

ER stress-induced apoptosis in macrophages infected with 

clinical isolates of M. kansasii (51). Our earlier studies also 

showed that antimicrobial activity during anti-mycobacterial 

chemotherapy is dependent on cellular and mitochondrial 

ROS-mediated autophagy activation (52). In addition, oxida-

tive stress induced by vitamin C has been found to be crucial 

for bactericidal activity against M. tuberculosis (53). Indeed, 

different M. tuberculosis strains have been shown to exhibit 

diverse patterns of ROS production (54). Because multi-

drug-resistant strains lack the ability to induce neutrophil 

apoptosis and ROS generation (54), it is tempting to speculate 

that the different ability to induce ROS generation among clin-

ical strains is associated with disease pathology or human sus-

ceptibility to atypical mycobacterial infection. 

  Our in vivo data showed that the R morphotype of M. 

scrofulaceum induced increased pathology, granulomatous le-

sions, and immune cell infiltration in lungs, compared to the 

S morphotype or ATCC strain. In addition, the bacterial loads 

were higher in mice infected with the R morphotype than in 

those infected with other strains. Among different M. avium 

complex strains, smooth transparent variants, the most fre-

quent types found in AIDS patients, showed increased viru-

lency and mycobacterial multiplication in the lungs, livers, 

and spleens of mice than strains of other morphotypes (55). 

Furthermore, mouse studies using different strains of M. ab-

scessus showed that differences among strains were highly as-

sociated with differences in virulence and distinct types of 

clinical disease including the upper lobe fibrocavitary form 

and nodular bronchiectatic form (56). Future studies should 

clarify whether the differences in pathology and virulence 

among diverse clinical strains is associated with the human 

host susceptibility to M. scrofulaceum. Together, our data in-

dicate that M. scrofulaceum activates innate immune re-

sponses through the TLR2-MyD88-NF-κB, MAPK, and ROS 

signaling pathways. Among different strains, the R morpho-

type showed the greatest induction of inflammatory responses 
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and intracellular signaling activation. We further showed that 

the in vitro immune profile was highly correlated with the 

in vivo manifestation of infection by different strains. 

Characterization of immune signaling features may contribute 

to understanding the host-pathogen interaction for the devel-

opment of novel therapeutics or preventives against M. scrof-

ulaceum infection.
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