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Background: Drug-resistant tuberculosis (TB) is an emerging threat to public health worldwide. Antimicrobial peptide (AMP) is 
a promising solution to solve the antimicrobial resistance crisis. The apolipoprotein E mimetic peptide COG1410 has been confirmed 
to simultaneously have neuroprotective, anti-inflammatory, and antibacterial activity. However, whether it is effective to inhibit growth 
of mycobacteria has not been investigated yet.
Methods: The peptide COG1410 was synthesized with conventional solid-phase peptide synthesis and qualified by HPLC and mass 
spectrometry. Micro-dilution method was used to determine the minimal inhibitory concentration. A time-kill assay was used to 
determine the bactericidal dynamics of antimicrobial peptide and relative antibiotics. Static biofilm formation was conducted in 24- 
well plate and the biofilm was separated from planktonic cells and collected. The mechanism of action of COG1410 was explored by 
TEM observation and ATP leak assay. The localization of COG1410 was observed by confocal laser scan microscopy. The drug–drug 
interaction was determined by a checkerboard assay.
Results: COG1410 was a potent bactericidal agent against M. smegmatis in vitro and within the macrophages with MIC 16 μg/mL, 
but invalid against M. abscess and M. tuberculosis. A time-kill assay showed that COG1410 killed M. smegmatis as potent as 
clarithromycin, but faster than LL-37, another short synthetic cationic peptide. 1× MIC COG1410 almost reduced 90% biofilm 
formation of M. smegmatis. Additionally, COG1410 was able to penetrate the cell membrane of macrophage and inhibit intracellular 
M. smegmatis growth. TEM observation and ATP leak assay found that COG1410 disrupted cell membrane and caused release of cell 
contents. Confocal fluorescence microscopy showed that FITC-COG1410 aggregated around cell membrane instead of entering the 
cytoplasm. Although COG1410 had relative high cytotoxicity, it exhibited strong additive interaction with regular anti-TB antibiotics, 
which reduced the working concentration of COG1410 and expanding safety window. After 30 passages, there was no induced drug 
resistance for COG1410.
Conclusion: COG1410 was a novel and potent AMP against M. smegmatis by disrupting the integrity of cell membrane.
Keywords: antimicrobial peptide, COG1410, Mycobacterium smegmatis, additive interaction

Introduction
Tuberculosis (TB) is still a great challenge for public health worldwide, especially in lower-middle-income countries. 
Mycobacterium tuberculosis (MTB) is a causative agent that possesses a thick, waxy, hydrophobic cell envelope, as well 
as drug degrading and modifying enzymes, causing intrinsic resistance to many antibiotics. Chromosomal mutations also 
confer drug resistance via modifying or overexpressing the drug target, or preventing prodrug activation.1 In particular, 
drug resistance of MTB is in the continuous evolution process, which depends on bacterial fitness, strain’s genetic 
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background and its capacity to adapt to the surrounding environment.2 According to WHO TB report in 2020, 6.3% and 
1.2% of patients with bacteriologically confirmed pulmonary TB (2.1 million) were diagnosed as MDR-TB and pre-XDR 
-TB or XDR-TB, respectively.3 Approximately one in three of patients who developed MDR-TB were enrolled on 
treatment and the treatment success rate ranged only from 56% to 69% among WHO regions. Treatment of drug-resistant 
TB is actually both complex and expensive.4 What is worse, only a few new TB drugs including bedaquiline and 
linezolid have entered clinical practice in the past 50 years.5 Novel anti-TB drugs are urgently needed, to enhance 
bioavailability and efficacy against drug-resistant TB.

Antimicrobial peptides (AMPs) possess broad-spectrum antibacterial and immunomodulatory activities against 
infectious bacteria, viruses, and fungi, which are a hot topic of interest.6 Because of its special bactericidal mechanisms, 
AMPs are considered as one of the most effective therapeutic agents against TB.7 The mechanism of action of AMPs is 
either through direct disruption of the normal mycobacterial cell wall or entering the cell and binding to the intercellular 
targets.8,9 For example, LL-37 is a short synthetic cationic AMP with an α-helical structure derived endogenously from 
the human cathelicidin hCAP18.10 Recent studies have demonstrated that LL-37 bound to the cell wall of MTB, causing 
disintegration and rapid rupture within minutes.11 On the other hand, AMPs are able to induce autophagy for bacterial 
death and clearance, such as Iztli peptide 1, which was reported to induce autophagy in elimination of MTB.12 

Additionally, the major target of AMPs is the bacterial cell membrane, which makes it complicated for bacteria to 
evade AMPs’ killing, while maintain cell membrane’s functional and structural integrity.13 AMPs are considered as 
a promising solution against current intractable antimicrobial resistance of MTB.

ApoE is one of the primary apolipoproteins involved in lipid metabolism in the central nervous system, which is 
a reservoir of cryptic bioactive peptides.14,15 Some mimetic peptides show potent antimicrobial and immunomodulatory 
activity.16–19 COG1410 is a synthetic peptide originated from ApoE, which is confirmed to have neuroprotective and 
anti-inflammation activities.20,21 In our previous study, we showed that COG1410 displayed strong bacterial killing 
against a few bacterial pathogens, high stability in human plasma, and a low propensity for resistance development.22 

However, whether it is capable of inhibiting mycobacteria has not been studied in detail. In this study, we investigated its 
antimicrobial efficiency against mycobacteria.

Materials and Methods
Peptide
COG1410 is a synthetic mimetic peptide, derived from human apolipoprotein E (ApoE), a large multifunctional 
glycoprotein involved in the metabolism of fats in the body of mammals. COG1410 consists of 12 amino acids originated 
from 138 to 149 of ApoE N terminal domain, with aminoisobutyric acid (Aib) substitutions at positions 140 and 145.23 

The COG1410 peptide was synthesized with conventional solid-phase peptide synthesis at a purity of 95% and qualified 
by HPLC and mass spectrometry in Polypeptide Labs (San Diego, CA). In all experiments, peptides were dissolved in 
sterile milli-Q water immediately before use.

Bacteria and Cells
Mycobacteria were cultured at 37°C in Middlebrook 7H9 broth (BD Bioscience) supplemented with 10% Middlebrook 
oleic acid dextrose and catalase enrichment (OADC), 2% (w/v) glycerol, and 0.08% (v/v) Tween 80, or Middlebrook 
7H10 agar supplemented with 10% OADC. These mycobacteria used in this study were M. smegmatis mc2155, 
M. abscess 19977, the clinically isolated multiple drug-resistant (MDR) M. avium strain 8–70, the clinically isolated 
MDR M. intracellular strain 8–18, and M. tuberculosis H37Rv. To prepare the log-phase culture, M. smegmatis and 
M. abscess were incubated for 24 h, M. avium and M. intracellular were incubated for 7 d, M. tuberculosis was incubated 
for 14 d. Mouse macrophage cell line RAW264.7 (Shenzhen Yibaishun Science and Technology Ltd.) was cultured in 
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum (FBS) and 1% penicillin– 
streptomycin solution, at 37°C with 5% CO2.
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Minimal Inhibitory Concentration Measurements
The log-phase cultures of mycobacteria were prepared as above, diluted and dispensed into 96-well plates, with final 
McFarland (MCF) unit 0.05 (105 CFU/mL), 100 µL for each well and 4 wells for each sample. Different concentrations 
of COG1410 and antibiotics were prepared by twofold gradient dilution and added into the wells with equal volume. 
Negative control was a drug-free medium. The plates were sealed with parafilm and incubated at 37°C for 48 h for 
M. smegmatis and M. abscess, 7 d for M. avium and M. intracellular, and 14 d for M. tuberculosis. The OD value was 
measured spectrophotometrically at 600 nm. The MIC assay was performed in triplicate.

Time-Kill Assay
The log-phase culture of M. smegmatis mc2155 was prepared as above. Different concentrations of COG1410 were added 
and incubated for 48 h. The OD600 values were monitored every one hour using a microplate reader. No peptide was used 
as negative control. The experiments were repeated twice.

The killing kinetics of COG1410 against mycobacteria were evaluated based on colony formation unit (CFU) 
reduction. Different concentrations of COG1410 and antibiotics (1× MIC) were added and incubated at 37°C. The 
CFU was checked at different time points. LL-37 was used as a positive control. Three independent experiments were 
performed.

Biofilm Assay
The biofilm assay was performed as described previously.24 The log-phase culture of M. smegmatis mc2155 was prepared 
as above and transferred to the 24-well plate with final McFarland (MCF) unit 0.05 in 2 mL Middlebrook 7H9 broth. 
Gradient COG1410 was diluted and added into the 24-well plate, four wells for each treatment. No AMP was used as 
negative control. The plates were incubated at 37°C for 3 days. The planktonic culture under the biofilm was extracted 
using a syringe. The remaining biofilm settled to the bottom and was suspended in 1 mL PBS. After a full vortex, the 
CFU within the planktonic and the biofilm suspension was measured by serial dilution and plating on 7H10 agar plates. 
Two independent experiments were performed.

Intracellular Activity in Infected Macrophages
The intracellular killing assay was performed as described previously with the following modifications.25 1 mL 5×105 

RAW264.7 cells were inoculated in 1 mL DMEM with 10% FBS in a 24-well plate and incubated in the 5% CO2 

incubator at 37°C for 20 h. 1 mL M. smegmatis mc2155 (5 × 106) was transferred into each well and co-incubated with 
the macrophage cells for 4 h. Then, the adherent cells were washed with the culture medium and PBS to remove 
extracellular bacteria. Macrophages were treated with 16 µg/mL COG1410. Samples were taken from different time 
points, washed 3 times with PBS and lysed with 1% Triton-X100. The intracellular survival of M. smegmatis was 
determined by plating serially diluted culture on Middlebrook7H10 agar with 10% OADC plates, and the number of 
colonies is counted after 3 days. Three independent experiments were performed.

ATP Leak Assay
ATP leak assay was performed using the Enhanced ATP Assay Kit of Beyotime (S0027) according to the manufacturer’s 
manual. Briefly, the log-phase culture of M. smegmatis was prepared above, washed and suspended in PBS. The 
suspension was exposed to 16 µg/mL COG1410 or 0.5 µg/mL of ethambutol and incubated at 37°C for 2 h. The 
supernatant was collected and used for determination of ATP levels. In total, 100 µL supernatant was mixed with 100 µL 
working solution, and the chemiluminescence was measured using a plate reader. Untreated samples were used as 
negative control. Three independent experiments were performed.

Transmission Electron Microscopy
The log-phase culture of M. smegmatis was prepared as above, then washed three times with 1× PBS and resuspended 
in PBS. The bacteria were incubated with 1× MIC COG1410 at 37°C for 2 h. Untreated sample was used as a negative 
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control. The samples for TEM were prepared according to the steps described previously.22 M. smegmatis cells were 
fixed in 4% paraformaldehyde and 2.5% glutaraldehyde and then fixed in 1% buffered osmium tetroxide. After 
dehydration, cells were embedded in epoxy resin. Ultrathin sections of samples were made and placed on copper 
grids, stained with uranyl acetate and lead citrate, and applied to TEM for image collection.

Confocal Laser Scanning Microscopy
To explore the localization of COG1410, the log-phase cultures of mc2155, S. aureus and E. faecium were prepared, 
washed, and suspended in PBS. The cultures were incubated with 16 µg/mL FITC-labelled COG1410 for 1 h at 37°C. 
For each strain, 5 µL of culture was spotted on a clean slide coated with a thin layer of 1% agarose. Fluorescence was 
observed by Olympus FV3000 confocal laser scanning microscope. For FITC, the excitation and emission were 488 nm 
and 525 nm, respectively.

Cytotoxicity
Cytotoxicity of COG1410 was determined by CCK-8 assay according to the manufacturer’s instructions (Yeasen 
Biotech). 104 RAW 264.7 macrophage cells or human hepatic L02 cells were dispensed into the 96-well plate, incubated 
at 37°C and 5% CO2 for 24 h. Subsequently, COG1410 was added to the medium at different concentrations and 
incubated for another 24 h. Then, 10 µL of CCK-8 solution was added to each well and incubated for 4 h. The 
absorbance was measured spectrophotometrically at OD450 nm and compared with untreated cells and blank control.

Drug-Resistance Development Assay
M. smegmatis culture was incubated with sub-lethal concentration (1/32 MIC) of rifampicin or COG1410 for the 1 day. 
20 µL culture was taken daily and added to 2 mL fresh medium containing the corresponding antibiotics. The 
concentrations of antibiotics were doubled every 10 passages, and the cultures were collected every 5 passages for the 
whole 30 passages. The collected bacteria were tested for susceptibility by micro-dilution methods. The MIC change fold 
was used to assess the rate of developed resistance of M. smegmatis to COG1410 and the antibiotic.

Combination with Antibiotics
Antimicrobial interactions were determined by the checkerboard assay. In a 96-well plate, COG1410 was diluted serially 
along the ordinate, while the antibiotics were diluted along the abscissa. Then, a log-phase culture of M. smegmatis was 
added, approximately 105 CFU/mL each well. The plates were then incubated at 37°C and OD600 was measured after 48 
h. The fractional inhibitory concentration index (FICI) was calculated for each combination using this equation: FICI = 
FIC(A) + FIC(B), where FIC(A) = MIC of drug A in combination/MIC of drug A alone, and FIC(B) = MIC of drug B in 
combination/MIC of drug B alone. FICI of ≤0.5 was interpreted as synergy, 0.5 < FICI ≤ 1.0 as an additive, 1.0 < FICI 
≤4.0 as indifferent, and FICI > 4.0 as antagonism.

Results
COG1410 Displays Potent Bactericidal Activity Against M. smegmatis
The antimicrobial activity of COG1410 against mycobacteria was determined by measuring its minimum inhibitory 
concentrations (MICs). It was invalid against M. tuberculosis, M. abscess, M. avium, and M. intracellular, with MIC over 
128 µg/mL (Table S1). To our interest, COG1410 displayed potent bactericidal activity against M. smegmatis, with an 
MIC value of 16 µg/mL (Figure 1A). A time-kill assay showed that COG1410 did not kill M. tuberculosis (Figure S1) 
but killed M. smegmatis faster than LL-37, another short synthetic cationic peptide killing M. smegmatis.26 1× MIC 
COG1410 exhibited significant bactericidal activity within 5 min and killed more than 70% M. smegmatis cells within 10 
min, while 1× MIC LL-37 reduced less than 45% after 2 h (Figure 1B). Compared to clinical anti-mycobacterium 
antibiotics, COG1410 was similar to clarithromycin (CLR), but stronger than azithromycin (AZM) and rifampicin (RFP) 
(Figure 1C). However, it is worthy to note that COG1410 could not eliminate M. smegmatis cells, even after 48 h, which 
was similar to the tested anti-mycobacterium antibiotics, causing about 7% bacteria remained (Figure 1D).
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COG1410 Inhibits M. smegmatis Biofilm Formation
Biofilm is a common pathogenic factor of mycobacteria.27 The biofilm of M. smegmatis was mainly on the air–medium 
interface. Therefore, we utilized syringe to exact the planktonic culture and let the biofilm settle down to the bottom. 
Colony forming units (CFUs) within the biofilms in the presence or absence of COG1410 were measured, as well as 
the planktonic cultures. To our interest, 1/2 MIC COG1410 was effective on inhibiting the biofilm formation of 
M. smegmatis, and 1× MIC COG1410 almost reduced 90% biofilm compared to untreated control (Figure 2A). The 
inhibiting efficiency increased along with more AMP. Similarly, the planktonic culture under the biofilm was 
significantly inhibited by COG1410 as well (Figure 2B). These data showed that COG1410 was a good biofilm 
inhibitor of M. smegmatis.

Figure 1 Bactericidal characteristics of COG1410 against M. smegmatis. (A) Grow curve of M. smegmatis mc2155 in the absence or presence of different concentrations of 
COG1410. (B) Comparison of anti-M. smegmatis efficiency between COG1410 and LL-37. 1× MIC LL-37 and COG1410 were tested. (C) Comparison of anti-M. smegmatis 
efficiency between COG1410 and anti-mycobacterium antibiotics. 1× MIC antibiotics and 1×MIC COG1410 were tested. (D) Time-kill assay of COG1410 against 
M. smegmatis mc2155. Experiments were performed in triplicates and data were presented as mean±SD, *p<0.05, ** p < 0.01, ***p<0. 001.

Figure 2 COG1410 inhibited biofilm formation of M. smegmatis. A layer of dense biofilm at the air–liquid interface in the 24-well plate was collected. The bacterial viability 
was measured by CFU assay for the biofilm (A) and the planktonic culture under the biofilm (B). Two independent experiments were performed. Student’s t-test was used 
to compare the treated group with untreated control, *** p<0. 001.
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COG1410 Reduces Bacterial Load Within Macrophages
Mycobacteria can survive and proliferate in macrophages.28 To investigate whether COG1410 could play the antimicro-
bial effect within macrophages, we first established an intracellular infection cell model with M. smegmatis. After co- 
incubation of 4 h, the extracellular bacteria were removed by washing and the intercellular bacteria were counting 
through cell lysis. As shown in Figure 3A, the extracellular bacteria were 2-log less than its intracellular counterpart, 
which indicated that M. smegmatis successfully enter the cytoplasm of macrophages. Then, we decided to measure the 
intracellular bactericidal activity of COG1410. We found that COG1410 was able to reduce bacterial load within the 
macrophage cells compared to the untreated control. At 6 h post of infection, approximately 40% of bacteria were 
inhibited by 1 MIC COG1410. Over time, M. smegmatis proliferated in the cells, but were significantly slower in the 
presence of COG1410 (Figure 3B). These data showed that COG1410 could pass through cell membrane to reach the 
intracellular pathogen.

COG1410 Disrupts Cell Membrane of M. smegmatis
To explore the mechanism of action of COG1410 against M. smegmatis, we observed the bacterial morphology treated 
with COG1410 via transmission electron microscopy. The untreated cells were bacillus full of black cell contents, while 
COG1410 treated cells became transparent with incomplete membrane (Figure 4). These images showed that COG1410 
treatment impaired cell membrane and released cell contents, causing cell death.

To further confirm this mechanism, the leakage of ATP was detected. As early as 10 min after treatment, a significant 
ATP leak was observed. As time went on, the leak increased (Figure 5). Ethambutol (EMB) was chosen as a negative 
control, which is a first-line drug for TB and NTM infection. The mechanism of action of EMB is to inhibit arabinosyl 
transferase, which is involved in mycobacterial cell wall constitution.29 Sharply different from COG1410, EMB never 

Figure 3 COG1410 inhibited intracellular growth of M. smegmatis within mice macrophages. (A) An intracellular infection cell model with M. smegmatis was established 
within mice macrophage RAW264.7 cells. “Out” indicates extracellular culture after PBS wash; “In” indicates cell culture lysed by 1% Triton-X100. The extracellular and 
intracellular bacteria were measured by counting the CFU by plating on 7H10 agar. (B) Time-kill assay of COG1410 against M. smegmatis within macrophage. The 
experiment was performed in triplicate and the results are expressed as mean ± SD. Student’s t-test was used to assess the statistical significance, * p<0.05, ** p < 0.01, 
****p<0. 0001.

Figure 4 COG1410 treatment disrupted cell membrane of M. smegmatis. (A) M. smegmatis was exposed to 1× MIC COG1410 for 2 h. (B) The cells in PBS were negative 
control. Scale bar: 500 nm.
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induced ATP leak. Therefore, the mechanism of action of COG1410 was different from that of EMB, mainly disrupting 
membrane integrity.

COG1410 is Localized Around Cell Membrane of M. smegmatis
To investigate whether COG1410 binds directly to the bacterial membrane or enters the cytoplasm, we treated 
M. smegmatis with 16 µg/mL FITC-labelled COG1410 for 1 h and observed the localization of FITC-1410 by confocal 
fluorescence microscopy. We found that FITC-1410 aggregated around cell membrane of M. smegmatis. Also, we noticed 
ovoid or spherical cells of M. smegmatis, which might be associated with morphology change under stress.30 In contrast, 
FITC-1410 entered the cytoplasm of Staphylococcus aureus and Enterococcus faecium (Figure 6). Based on our previous 
study, COG1410 was active against E. faecium and M. smegmatis, but not S. aureus.22 Therefore, we infer that the major 
target of COG1410 against M. smegmatis is the cell membrane and whether it enters the cytoplasm does not matter.

COG1410 Has Relative High Cytotoxicity
One of the limiting factors for the use of AMPs as therapeutic agents is their cytotoxicity to mammalian cells. To 
evaluate the cytotoxic effect of COG1410, we tested its toxicity on mouse macrophage RAW264.7 cells and human 
hepatic L02 cells by CCK-8 assay. We found that COG1410 had no significant cytotoxic effect on the two types of cells 
below 32 µg/mL (Figure 7). Further structural modification is needed to reduce the cytotoxicity of COG1410.

There is No Induced Drug-Resistance for COG1410
The development of drug resistance in mycobacteria is one of the major challenges. AMPs have different targets of 
action from conventional antibiotics, and they are less likely to induce resistance in bacteria. In order to determine 
possible resistance development, we exposed M. smegmatis to sublethal doses of COG1410 and rifampicin (RFP) 

Figure 5 ATP leak assay. M. smegmatis was exposed to 1 × MIC COG1410 or ethambutol (EMB) and the ATP leak was measured. Untreated cells in PBS were the negative 
control. Experiments were performed in triplicate and data were presented as mean±SD. Student’s t-test was used to compare the treated group with untreated control, 
****p<0. 0001.

Figure 6 COG1410 was localized around the cell membrane. The localization of FITC-labelled COG1410 was observed in M. smegmatis, S. aureus, and E. faecium by CLSM. 
Scale bar: 4 µm.
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and monitored the susceptibility after serial passages. We found that M. smegmatis easily developed resistance 
against RFP, of which MIC increased 4 folds after 20 passages. However, there was no induced drug-resistance for 
COG1410 even after 30 passages (Figure 8), which suggested that COG1410 was potent to inhibit growth of 
M. smegmatis.

COG1410 Displays Strong Additive Interaction with Anti-TB Antibiotics
Interaction between COG1410 and conventional antibiotics used to treat TB or NTM infection was evaluated by 
checkerboard assay. The FICI index of each combination against M. smegmatis was summarized in Table 1. All of the 
tested antibiotics had FICI between 0.5 and 1 with COG1410 except Ciprofloxacin, which indicated that COG1410 had 
additive interaction with these antibiotics. Especially, COG1410 enhanced 16 folds of antimicrobial activity of 
Ethambutol, Rifampicin, Azithromycin, and Cefoxitin. With 1/2 MIC amikacin, 1/16 MIC COG1410 completely 
inhibited bacterial growth of M. smegmatis within 48 h. Similarly, combined with 8 µg/mL COG1410, only 1/8 MIC 
Linezolid or 1/16 MIC Cefoxitin was needed to achieve the inhibitory effect (Figure 9). Therefore, the additive 
interaction between COG1410 and the antibiotics reduced the working concentration of COG1410 and expanded the 
safety window.

COG1410 did not exhibit similar activity with antibiotics against M. abscess and M. tuberculosis (Table S2), which 
suggested that COG1410 was not capable of creating a hole in the cell membranes of these two pathogenic mycobacteria.

Figure 7 Determination of cytotoxic activity of COG1410 by CCK-8 assay. The cytotoxicity of COG1410 was evaluated by measuring the cell viability of mouse 
macrophage cell line RAW264.7 (A) and normal human hepatic L02 cells (B) using the CCK8 assay. Experiments were conducted in triplicate. Data indicated mean±SD 
values. The statistical difference between COG1410 treated group and control was analyzed by Student's t-test, *p<0.05, ***p<0. 001.

Figure 8 Drug resistance development assay. The rate of induced-resistance of M. smegmatis against COG1410 was evaluated by measured MIC fold change after serial 
passage. Rifampicin (RFP) was a positive control.
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Discussion
In our previous study, we found that COG1410 was a potent antimicrobial peptide against pan-drug resistant 
A. baumannii through disruption of the integrity of cell membrane and stimulation of intracellular ROS production. 
Strong synergistic interaction between COG1410 and polymyxin B reduced working concentration of COG1410, 
broadening its application landscape.22 Here, we investigated the bacteriostatic activity of COG1410 against mycobac-
teria. COG1410 took effect faster than LL-37 and killed more than 70% M. smegmatis cells within 10 min. Besides 
planktonic cells, COG1410 could significantly inhibit biofilm formation. Remarkably, COG1410 exhibited intracellular 
activity, inhibiting M. smegmatis’s growth within the macrophage. Confocal fluorescence microscopy observation 
showed that COG1410 mainly aggregated around the cell wall of M. smegmatis. TEM observation and ATP leak 
assay revealed that COG1410 disrupted integrity of bacterial cell membrane. After 30 passages, there were no drug- 
resistant colonies against COG1410. Remarkably, COG1410 was confirmed to have additive interaction with all the 
tested clinical anti-TB antibiotics. COG1410 neither killed M. abscess and M. tuberculosis directly nor exhibited additive 

Table 1 Antimicrobial Activity of Combination of COG1410 with 
Antibiotics Against M. smegmatis

Drug 
Combination

MIC (μg/mL) FIC FICI

Alone Combined

Rifampicin 16 1 0.06 0.56
COG1410 16 8 0.5

Kanamycin 2 1 0.5 0.62
COG1410 16 2 0.12

Ethambutol 0.5 0.015 0.03 0.53

COG1410 16 8 0.5

Amikacin 1 0.5 0.5 0.56

COG1410 16 1 0.06

Azithromycin 8 0.5 0.06 0.56
COG1410 16 8 0.5

Cefoxitin 32 2 0.06 0.56

COG1410 16 8 0.5

Ciprofloxacin 0.25 0.25 1 1.5
COG1410 16 8 0.5

Linezolid 0.5 0.06 0.125 0.625
COG1410 16 8 0.5

Figure 9 Additive interaction between COG1410 and anti-TB antibiotics against M. smegmatis. The combination between COG1410 and conventional antibiotics inhibited 
bacterial growth. (A) COG1410 and amikacin; (B) 8 μg/mL COG1410 and Linezolid; (C) COG1410 and Cefoxitin.
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activity with antibiotics against these two pathogenic mycobacteria. In our preliminary screening, we reported that 
COG1410 inhibited M. abscess and M. tuberculosis, which was due to early observation and hasty conclusion. The 
inhibitory effect against mycobacteria must be very cautious since they grow much slower than common pathogens like 
E. coli.

M. smegmatis is usually accepted as a surrogate to screen anti-TB compounds. For example, an in vivo-mimic 
silkworm infection model with M. smegmatis was established for screening of therapeutically effective anti-MTB 
antibiotics.31 However, in our study, COG1410 was active against M. smegmatis but not against other NTM species 
and MTB. It has been reported that Candida albicans and Staphylococcus aureus are the best surrogates to predict anti- 
MTB activity of AMPs, better than M. smegmatis.32 Consistently, our previous study also found that COG1410 did not 
inhibit growth of S. aureus.22 M. smegmatis belongs to rapidly-growing mycobacterium, while MTB is slowly-growing, 
which are different in terms of cell diameter, length, cytoplasmic volume, and total ribosome number.33 Additionally, the 
porins in the cell wall between M. smegmatis and M. tuberculosis are different, which determine the permeation 
properties of hydrophilic molecules. The latter has a lower number of porins, and the porins have lower channel- 
forming activity.34 These differences may influence the efficacy of COG1410 against M. tuberculosis. As well, 
M. smegmatis is confirmed as a good model for studying the general biological properties of mycobacteria, but not 
suitable for pathogenicity and virulence.33,35 Therefore, from our experience, in vitro screening model of M. smegmatis is 
not suitable for anti-MTB drugs.

It is known that the natural multilayered cell wall rich in lipids restricts antibiotic permeability within mycobacteria. 
Application of AMPs is able to address this challenge by forming membrane pores or disrupting the integrity of cell 
membrane and facilitating the entry of chemical antibiotics, which might be a model of antimicrobial synergy between 
AMPs and antibiotics.36,37 At present, abundant natural or synthetic AMPs against mycobacteria have been identified.38 

Most of them displayed synergistic interaction with antibiotics. For example, AS-48, a bacteriocin produced by 
Enterococcus faecalis, was active against MTB and other nontuberculous mycobacterial species (NTMs), showing 
synergistic combination with ethambutol.39 The synthetic AMPs HHC-8 and MM-10 showed strong synergism with 
rifampicin against M. smegmatis with FICs 0.09, as well as MTB.40 Some of the AMPs showed additive interaction with 
anti-mycobacterial antibiotics. For example, NZX, a fungal peptide, had additive effect with isoniazid and ethambutol 
both in vitro and in a murine TB-model.41 It is worth noting that no AMPs like COG1410 showed additive interaction 
with so many anti-mycobacteria antibiotics. 8 µg/mL COG1410 (1/2 MIC) enhanced the efficacy of rifampicin, 
ethambutol, azithromycin, cefoxitin, and linezolid by 16, 33, 16, 16, and 8 folds, respectively. Especially, 1 µg/mL 
COG1410 and 0.5 µg/mL amikacin were able to inhibit growth of M. smegmatis. As a whole, COG1410 is a good 
adjunct for clinical antibiotics.

To date, many AMPs have been isolated from various natural sources. AntiTbPdb is a database, which collected 
around 1010 experimentally verified anti-mycobacterial peptides.42 Some peptides with proven anti-TB activity, better 
pharmacokinetic properties, and minimal or no toxicity are promising candidates to tackle drug-resistant MTB and enter 
preclinical trials.43 There are also encouraging examples from re-design and modification of natural peptides, which 
enhance anti-TB activity. For example, Nisin A is a prototype I antibiotic and used as a safe food additive. Through 
amino acid replacement, nisin V (M21V) had significantly higher anti-TB activity.44 Since it possesses neuroprotective, 
anti-inflammatory, and antibacterial effects, COG1410 is a promising lead AMP, which is worthy of further improvement 
with structure modification.

Conclusions
In this study, we confirmed that COG1410 was a novel and potent bactericidal AMP against M. smegmatis. COG1410 
aggregated around cell membrane and finally disrupted its integrity, causing release of cell contents. COG1410 was very 
stable in human plasma, which benefits from substitution of two unnatural amino acids. Drug resistance was not easily 
developed. Further modification of its structure was necessary to enhance anti-TB activity and reduce cytotoxicity.
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