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ABSTRACT 

Tuberculosis is caused by bacterium Mycobacterium tuberculosis, and it is currently the 

deadliest infectious disease worldwide. The standard antimicrobial regimen is a 

cocktail of antimicrobials taken for several months, which still does not guarantee a 

successful eradication of the bacteria. Treatment dropouts and the use of 

antimicrobials that are inefficient in eradicating the infection have led to emerged 

drug-resistance. Also, the lack of safe and effective vaccine makes the prevention of 

tuberculosis difficult. One reason for the challenges in both prevention and 

treatment of tuberculosis is the ability of mycobacterium to cause chronic infection 

and protect itself from environmental hazards such as active immune responses and 

antimicrobials.  

The aim of this study was to examine mycobacterial evasion mechanisms against 

antimicrobials and immune responses and propose new intervention strategies. 

Mycobacterium marinum and zebrafish were used to study the interaction of the host 

and the pathogen. Mycobacterium can actively suppress immune responses and 

delay the onset of adaptive responses, and to prevent this immune evasion, an 

immunomodulation was tested. In the adult zebrafish population, around 10% of 

the population is able to naturally retain the M. marinum load below the detection 

limit of qPCR. This proportion could be increased up to 25% by priming with heat-

killed Listeria monocytogenes prior the mycobacterial infection. The induced protective 

immune response significantly reduced mycobacterial loads after four weeks of 

infection and induced clearance in both wildtype and rag1-/- mutant fish showing the 

important role of innate immune responses in the sterilizing response. The 

protective immune response was characterized with an increased expression of 

mpeg1, tnf and nos2b and decreased expression of sod2. These results indicate early 

clearance mediated via pro-inflammatory responses and enhanced killing of 

mycobacteria. Importantly, the immunomodulation was ineffective if the infection 

was already established. However, a similar approach could be used as a prophylactic 

treatment in high burden areas.  

Another mycobacterial evasion strategy is the formation of biofilms. After 

suppressing immune responses and establishing the infection, mycobacteria form 

bacterial communities in granulomas and produce extracellular matrix that gives 
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structure and protection for the bacterial population. The fast-growing M. marinum 

with a bioluminescent cassette was used to study the biofilm maturation and 

composition in vitro. The results showed that the biofilm maturation did not alter the 

minimum inhibitory concentration (MIC) but increased minimum bactericidal 

concentration (MBC) 63 times compared to planktonic cells within two days of 

biofilm culturing. It was further confirmed with repeated antimicrobial exposures 

that the increased tolerance of biofilm cultures was not due to genetic resistance. 

Degrading any of the major extracellular matrix components in combination with 

rifampicin reduced the number of live bacteria in a biofilm, demonstrating the 

important role of the biofilm matrix in the antimicrobial tolerance.  

Time-kill curve analysis with a quick bioluminescence read-out was established to 

specifically measure the subpopulation of persister mycobacteria. In the analysis, the 

killing kinetics of a bacterial population was followed after the exposure to high 

concentration of a bactericidal antimicrobial, here rifampicin, to measure the 

persister subpopulation that can tolerate the drug for a prolonged time. For maturing 

M. marinum biofilm, the killing kinetics were significantly different after one week of 

culturing compared to planktonic cells, and the rifampicin concentration was 

saturated at 400 μg/ml after which increasing the antimicrobial concentration did 

not alter the killing kinetics. This method has a potential in screening for treatments 

that specifically target mycobacterial persisters. 

Finally, sybodies against biofilm extracellular matrix proteins GroEL1 and 

GroEL2 were used to specifically target M. marinum and M. tuberculosis biofilms in 

vitro and in ex vivo zebrafish granulomas. Sybodies are synthetic molecules mimicking 

the binding domain of antibodies. The binding properties of the sybodies can be 

easily modified and screened against the wanted target in sybody libraries. The 

potential sybodies acquired from the screens were assessed by confocal imaging. 

Fluorescence labelled anti-GroEL sybodies were able to bound GroEL on both in 

vitro and ex vivo biofilms making sybodies an attractive molecular carrier to target 

mycobacterial biofilms. A treatment that specifically targets mycobacterial persisters 

in biofilms inside granulomas could enhance the efficacy of antimicrobial therapy 

and shorten the current treatment time. By understanding better, the mycobacterial 

evasion mechanisms, future treatments can more effectively be targeted against Mtb.  
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TIIVISTELMÄ 

Mycobacterium tuberculosis -bakteerin aiheuttama tuberkuloosi on tällä hetkellä 

maailman tappavin infektiotauti. Nykyinen tuberkuloosin antibioottihoito on 

useamman lääkkeen yhdistelmä ja se kestää useita kuukausia, mutta ei siitäkään 

huolimatta takaa onnistunutta mykobakteerin häätämistä. Tehottomien antibioottien 

käyttö sekä pitkät hoitoajat keskeytyksineen edesauttavat antibioottiresistenttien 

kantojen syntyä. Lisäksi turvallisen ja tehokkaan rokotteen puute tekee tuberkuloosin 

ehkäisemisestä hankalaa. Yksi syy näihin haasteisiin tuberkuloosin ehkäisemisessä ja 

hoidoissa on mykobakteerin kyky kehittää krooninen infektio ja suojella itseään 

ympäristöhaitoilta kuten aktiiviselta immuunivasteelta sekä antimikrobiaalisilta 

lääkkeiltä.  

Tämän tutkimuksen tavoitteena on tutkia mykobakteerin mekanismeja, joiden 

avulla se pystyy estämään antibioottien ja immuunivasteiden tehokkaan toiminnan, 

sekä etsiä uusia strategioita näihin mekanismeihin puuttumiseen. Mycobacterium 

marinum -bakteeria ja seeprakalaa käytettiin tutkimaan isännän ja patogeenin välistä 

vuorovaikutusta. Mykobakteeri kykenee aktiivisesti vaimentamaan immuunivasteita 

ja myöhästyttämään hankittujen immuunivasteiden alkamista. Tutkimuksessa 

testattiin immunomodulaation tehoa näiden mykobakteerin ominaisuuksien 

estämisessä. Ilman hoitoja noin 10 % aikuisista seeprakaloista pystyy luonnollisesti 

pitämään mykobakteerimäärän alle qPCR:n detektiorajan. Tätä osuutta voitiin 

kuitenkin nostaa 25 %:iin aktivoimalla immuunivaste lämpötapetulla Listeria 

monocytogenes -bakteerilla ennen mykobakteeri-infektiota. Aikaansaatu suojaava 

immuunivaste vähensi merkitsevästi mykobakteerimääriä mitattuna neljä viikkoa 

infektion jälkeen ja jopa steriloi mykobakteerin osasta populaatiota sekä villityypin 

kalassa että rag1-/- -mutanttikaloissa, mikä viittaa synnynnäisten immuunivasteiden 

tärkeään rooliin mykobakteerin steriloivassa vasteessa. Suojaavassa vasteessa mpeg1, 

tnf ja nos2b -geenien ilmentyminen oli merkitsevästi lisääntynyt, kun taas sod2 oli 

vähentynyt verrattuna kontrolliryhmään. Nämä tulokset viittaavat mykobakteerin 

häätämiseen infektion varhaisessa vaiheessa lisääntyneen tulehdusvasteen ja 

tehokkaamman mykobakteerin tuhoamisen avulla. Huomattavaa on, että 

immunolodulaatio lämpötapettua L. monocytogenes -bakteeria hyödyntäen ei saanut 

aikaan suojaavaa vastetta, jos infektio oli jo olemassa. Vastaavaa immuuniterapiaa 
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voitaisiin kuitenkin käyttää ennaltaehkäisevänä menetelmänä korkean tuberkuloosi-

ilmaantuvuuden alueilla.   

Toinen tutkittu mykobakteerin suojautumiskeino on biofilmin muodostaminen. 

Immuunivasteiden heikentämisen ja infektion aikaansaamisen jälkeen mykobakteeri 

muodostaa bakteeriyhteisöjä granuloomissa ja tuottaa solunulkoista matriksia, joka 

antaa bakteeripopulaatiolle tukea ja suojaa. Nopeakasvuista bioluminoivaa M. 

marinum -bakteeria käytettiin biofilmin kypsymisen ja koostumuksen tutkimuksessa 

in vitro. Tulokset osoittivat, että biofilmin kypsyminen ei muuttanut rifampisiinin 

MIC-arvoa (minimum inhibitory concentration), mutta nosti MBC-arvoa (minimum 

bactericidal concentration) 63-kertaisesti verrattuna planktoniseen yksisoluisena 

kasvavaan mykobakteeriin kahden päivän biofilmin kasvattamisen jälkeen. 

Toistuvilla antibioottialtistuksilla pystyttiin varmistamaan, että biofilmin lisääntynyt 

antibioottitoleranssi ei johtunut geneettisestä resistenssistä. Elävien mykobakteerien 

lukumäärää biofilmissä pystyttiin vähentämään hajottamalla solunulkoisen matriksin 

tärkeimpiä polymeerejä yhdessä rifampisiini-hoidon kanssa, mikä osoitti biofilmin 

matriksin tärkeyden antibioottitoleranssissa.   

Nopea bioluminesenssimittaukseen perustuva tappokäyräanalyysi validoitiin 

mittaamaan erityisesti persistoivien mykobakteerien alapopulaatiota. Analyysissa 

seurataan bakteeripopulaation tappokinetiikkaa korkealla antibioottikonsentraatiolla, 

ja voidaan mitata persisteribakteerien alapopulaatiota, joka kykenee sietämään 

antibioottia keskimääräistä pidemmän ajan. Tappokinetiikka oli merkitsevästi 

hitaampi yhden viikon ikäisellä M. marinum biofilmillä verrattuna planktoniseen 

yksisoluiseen kasvatukseen. Lisäksi rifampisiinin konsentraatio saturoitui 400 

μg/ml:ssa, jonka jälkeen antibioottikonsentraation nostaminen ei nopeuttanut 

bakteerien tappoa. Tätä menetelmää on mahdollista käyttää seulomaan hoitoja, jotka 

vaikuttavat erityisesti persistoiviin soluihin. 

Lopuksi tutkittiin mykobakteerin biofilmin solunulkoisen matriksin proteiineihin, 

GroEL1 ja GroEL2, kohdentuvia sybodeja in vitro M. marinum ja M. tuberculosis 

biofilmeissä sekä ex vivo seeprakalan granuloomissa. Sybodit ovat synteettisiä vasta-

aineen sitoutumisosaa matkivia molekyylejä, jonka sitoutumista voidaan helposti 

muokata ja seuloa halutun kohteen mukaan olemassa olevista sybody-kirjastoista. 

Seulonnasta saatujen potentiaalisten sybodien sitoutumista mykobakteerin biofilmiin 

arvioitiin konfokaalimikroskopian avulla. Fluoresenssileimatut anti-GroEL-sybodit 

tunnistivat GroEL-proteiineja biofilmin päältä sekä in vitro että ex vivo tehden 

sybodista houkuttelevan vaihtoehdon erilaisten molekyylien kohdentamisessa 

mykobakteerin biofilmeihin. Nykyisiä antibioottihoitoja voidaan mahdollisesti 

tehostaa ja hoitojen pituutta lyhentää ottamalla huomioon granuloomien sisällä 



xi 

biofilmeissä olevat mykobakteeripersisterit. Ymmärtämällä paremmin 

mykobakteerin menetelmiä, joilla se suojelee itseään ympäristön haittavaikutuksilta, 

tulevaisuuden hoitoja voidaan kohdentaa tehokkaammin Mycobacterium tuberculosis -

bakteeria vastaan.  
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INTRODUCTION 

Tuberculosis (TB) is an old disease caused by Mycobacterium tuberculosis (Mtb). It has 

been estimated that the first Mtb strain infecting humans is around 20,000 years old 

(Barberis et al., 2017). TB has been a health issue for a long time, and it has been 

reported in many historical documents the oldest known being dated 2,900 years 

B.C.E. (Cave & Demonstrator, 1939). Despite being such an old pathogen, TB still 

influences many lives today killing 1.5 million individuals each year (World Health 

Organization, 2021).  

The long history with humans has made Mtb fluent in evading the host’s immune 

responses and protecting itself from the environment. Co-evolution of Mtb with 

humans has finetuned the mechanisms on both sides but there is no winner in the 

competition. Mtb infection often leads to an asymptomatic chronic infection where 

the pathogen is sealed in granulomas, aggregations of host cells around the bacteria. 

In addition to asymptomatic chronic infection, mycobacterial infection can cause a 

range of different disease outcomes from active contagious disease to cleared 

infection. This heterogenous disease spectrum makes TB a complicated disease to 

model and the scientist to wander in a labyrinth of immunological networks. The 

current understanding of TB immunology is wide, but the details of the sterilizing 

immune responses are still unclear. The lack of knowledge on protective immune 

responses are seen in the lack of effective vaccines against TB. There is a high 

demand for new vaccines to replace BCG (bacillus Calmette-Guérin) vaccine that is 

ineffective for preventing infection and is partially protecting only young children 

(Mangtani et al., 2014).  

In the granulomas, Mtb has its own niche where it can replicate and form bacterial 

communities, although the active immune responses and the endothelial layer 

around the granuloma limits the spread and replication of the bacteria. Mycobacteria 

are able to produce ECM (extracellular matrix) and develop biofilms in granulomas. 

These biofilms are known to increase the tolerance against drugs (Chakraborty et al., 

2021). Drugs inefficient to eradicate the infection and easily disrupted long 

antimicrobial regimens enable the development of genetic antimicrobial resistance 

which has become an emerging issue. Without a doubt, there is a great need for 

better intervention strategies for preventing and treating TB.  
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The studies of this thesis aim in overcoming mycobacterial evasion mechanisms, 

either by inducing protective immune responses with immunomodulation, or by 

targeting mycobacterial biofilms to enhance the effect of antimicrobial treatment. 

The zebrafish–M. marinum pair is used here to model the natural interplay between 

mycobacteria and the host. In this work, the fish TB model has been found a 

potential approach for studying the details of the protective immune responses. In 

addition, the characteristics of mycobacterial antimicrobial tolerance were dissected 

and persisters, a subpopulation of phenotypically tolerant bacteria, were identified 

from the M. marinum biofilm. Finally, a nanobody-based targeting of mycobacterial 

biofilms in vitro and ex vivo was tested. 
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1 REVIEW OF THE LITERATURE 

1.1 Tuberculosis epidemic 

Currently TB is the deadliest infectious disease in the world infecting 10 million and 

killing 1.5 million individuals every year including 214,000 deaths with HIV (human 

immunodeficiency virus) co-infection (World Health Organization, 2021). The 

regional differences in the distribution of TB burden are large and it is most common 

in South-East Asia, Africa, and the Western Pacific (World Health Organization, 

2021).  The high death rates are affected by the fact that in high burden countries 

about one third of the TB patients seeking care did not have access to a proper 

healthcare system (Reid et al., 2019). It has also been estimated that half of the TB 

deaths are due to poor healthcare and drug availability (Kruk et al., 2018), which 

highlights the socioeconomic problems underlying the global TB epidemic. The 

social problems connected to TB are most visible in developing countries, but a 

similar trend is seen in industrial countries where social risk factors including 

education and housing were strong determinants of the risk of developing TB 

(Nguipdop-Djomo et al., 2020). 

TB is an infectious disease caused by Mycobacterium tuberculosis (Mtb). It can be 

treated with antimicrobial, but the standard regimen lasts for six months and includes 

several antimicrobials. The long antimicrobial regimen easily leads to treatment 

dropouts and the development of antimicrobial-resistant strains. Dropouts are 

understandable especially among the poorest that might need to spend over 50% of 

their yearly incomes on the treatment in developing countries (Reid et al., 2019). In 

addition to dropouts, a long antimicrobial regimen with ineffective drugs or too low 

antimicrobial concentration can enrich the population of resistant mycobacteria 

within the host that can also potentially transmit the resistant bacteria to new hosts.  

Antimicrobial-resistance of Mtb is an emerging issue and drugs that are better 

available and more effective against mycobacteria are in great need. The three 

countries with the highest prevalence of antimicrobial-resistant TB are India, China 

and the Russian Federation (World Health Organization, 2021). Worldwide there are 

almost 0.5 million antimicrobial-resistant TB cases yearly of which 78% are caused 

by multi-drug resistant strains (World Health Organization, 2020). The incidents 
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with antimicrobial-resistant strains are predicted to increase in the future and in 30 

years, a quarter of the TB-related deaths are estimated to be caused by antimicrobial-

resistant Mtb (O’Neill, 2016) 

Vaccination against TB would be a cost-effective way to tackle the pathogen. The 

oldest and the only TB vaccine in use, BCG (bacillus Calmette-Guérin), gives very 

variable protection in human and as a live-attenuated vaccine it is not considered 

safe, and it cannot be recommended to HIV-infected or immunocompromised 

individuls (Reid et al., 2019). Despite all the efforts, designing a better vaccine has 

not been successful so far, even though the requirements for the potential protection 

does not have to be high. It has been estimated that a vaccine that would produce 

protection against active TB in 60% of the vaccinated individuals, would reduce the 

number of new cases by 40% when given to only 20% of the adults with the risk of 

TB (Knight et al., 2014). 

The World Health Organization has set an ambitious End TB -strategy to reduce 

the TB-related deaths by 95% and new cases by 90% in 20 years compared to 2015 

rates (World Health Organization, 2014). There has been some progress and the 

total number of new TB cases has indeed reduced 6.3% from 2015 to 2018 and 

deaths by 11%, but to hit the WHO’s End TB -strategy goal the reduction should 

have been 20% and 35%, respectively (World Health Organization, 2019), which is 

far behind the set milestones. Also, the COVID-19 pandemic starting in the late 

2019 has had a negative impact on the number of people seeking for medical help 

and the new TB cases have been underdiagnosed (World Health Organization, 

2021). This has also reflected on the number of TB-related deaths. The first time 

since 2005 there is an increase in the number of TB deaths reversing three years of 

improvement (World Health Organization, 2021).  

1.2 Tuberculosis as a disease 

TB is caused by Mycobacterium tuberculosis complex bacteria most commonly 

Mycobacterium tuberculosis (Mtb). Mtb infection can lead to a spectrum of different 

disease outcomes from latent TB to disseminated active infection. There is a model 

that estimates that about ¼ of the human population has latent TB (Houben & 

Dodd, 2016). Latent TB is termed as condition where the Mtb-infected patient has 

an immune reaction against Mtb antigens but has no symptoms of active TB (World 

Health Organization, 2018). Although these patients do not show any signs of 

infection, they still have live bacteria in their body. Some of the bacteria can be in a 
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dormant state, in which the bacterium has reduced its metabolic activity and 

replication rate and has increased tolerance against drugs (Lipworth et al., 2016). 

Mycobacterium can stay in dormancy for years but can also reactivate later leading 

to an active TB, for example, if the immune system is compromised. An old 

epidemiological estimation states that 5-10% of all latent TB will reactivate during 

lifetime (Comstock et al., 1974). This group of patients that are termed as latently 

infected individuals may include persons that have active infection but do not have 

any symptoms of active TB or persons that have sterilized the infection and anything 

between these two disease states.  

It has been estimated that only about 5% of the infected individuals are primary 

progressive patients that develop an active TB after infection (Tsenova & Singhal, 

2020). These persons are unable to control the bacterial growth or restrict the 

bacteria in granulomas at this stage and are in a risk of dying of TB. In the case of 

latent TB, the clinical signs are the same – no symptoms. Active TB, on the other 

hand, can be found in many types and severities. The most common form of TB 

among adults is pulmonary TB (Alcaïs et al., 2005) but about 15% of the actively 

infected individuals have extrapulmonary disease such as meningeal TB (World 

Health Organization, 2019). Especially immunocompromised individuals have a 

greater risk of developing disseminated disease but at the same time, 20% of patient 

with disseminated disease do not have any immunodeficiencies (Sharma et al., 2016). 

Other risk factors in addition to immune deficiencies include malnutrition, diabetes, 

and poor lifestyles such as smoking and heavy alcohol consumption (World Health 

Organization, 2019).  

The common symptoms of active pulmonary TB may include shortness of 

breath, weight loss, persistent cough, weakness, fever, and night sweats. The bloody 

cough is a typical symptom often described for TB and it is due to uncontrolled 

bacterial growth, caseation of granulomas and their cavitation into the lung in the 

later stages of pulmonary TB. TB patients also suffer from severe weight lost, 

wasting, that is connected to the altered metabolic status of the patient. Cavitation 

of granulomas and extensive inflammation can cause accumulation of liquid into the 

lungs eventually leading to lung failure. 

1.2.1 Diagnostics of tuberculosis 

The symptoms of active TB are common for many diseases, which makes diagnosing 

of TB difficult. The lack of signs in latent TB and the variety of symptoms in 
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extrapulmonary TB further reduces the number of diagnosed TB cases. TB is often 

underdiagnosed, and it is estimated that 35% of all TB cases are not diagnosed or 

treated for other reasons (Reid et al., 2019). The diagnostic methods of TB include 

imaging lung abnormalities of pulmonary TB by chest X-ray, measuring immune 

reaction against mycobacterial antigens or detecting the presence of Mtb either by 

PCR (polymerase chain reaction) or by smear microscopy of acid-fast bacilli and 

culture. Additionally, antimicrobial susceptibility can be determined by culture-based 

methods or by specific PCR methods targeting known Mtb resistance genes. 

Although there are many diagnostic tests for TB, only active TB is possible to 

diagnose undoubtedly as the diagnosis can be confirmed bacteriologically. 

Tuberculin skin test and IGRA (interferon-γ release assay) are tests that measure 

existing immune responses, and they can be positive due to ongoing active infection, 

latent disease, or immunization after resolved infection. Tuberculin skin test may 

give a false-positive result if the patient has been recently vaccinated with BCG or 

has non-tuberculous mycobacterial infection (Mckay et al., 1999). IGRA has been 

developed to overcome these specificity problems but although it is currently the 

best method to diagnose latent TB, it cannot be used to interpret how active the 

disease is, how likely it is to reactivate or have the person already cleared the 

infection. Currently there is no tool for distinguishing between latent and sterilized 

infection and the efficacy of the TB treatments cannot be exclusively assessed.  

1.2.2 Antimicrobial treatment of tuberculosis 

TB requires a long and intensive antibiotic regimen. It lasts for total of six months 

starting with an intensive treatment with four different antibiotics for the first two 

months. These antibiotics are rifampicin, isoniazid, pyrazinamide, and ethambutol. 

The regimen is followed by rifampicin and isoniazid alone for the next four months. 

Even longer treatments are required if the infection is more severe such as in the 

case of disseminated TB, infection by drug-resistant Mtb or if the patient is HIV-

positive or pregnant (Centers for Disease Control and Prevention, 2016). The long 

treatment time is problematic as it can easily lead to interruptions. Also, the use of 

suboptimal drugs in a long regimen increases the possibility of emerging of new 

drug-resistant strains. 

The antibiotics that are used in the standard antibiotic regimen are called first-

line drugs, but multidrug-resistant strains that need additional drugs are increasingly 

common. In 2019, which is the latest year that was not affected by the COVID-19 
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pandemic, it was estimated that there were 500,000 drug-resistant TB cases, of which 

78% were caused by multi-drug resistant (MDR) strains (World Health Organization, 

2020). These strains are genetically resistant to both isoniazid and rifampicin 

(Centers for Disease Control and Prevention, 2016), the two most commonly used 

antibiotics against Mtb. If treating susceptible Mtb is difficult, treating drug-resistant 

strains are even harder and the success rate of the antibiotic treatment in MDR-TB 

drops from 85% to 59% (World Health Organization, 2021). Drug-resistant Mtb 

strains are treated with second-line drugs. All TB drugs may cause severe side-effects 

forcing to end the regimen prematurely, but the second-line drugs are the most toxic, 

which makes the treatment of drug-resistant TB extremely difficult.  

In addition to multi-drug resistant strains, extensively drug-resistant (XDR-TB) 

strains have been emerged. XDR-TB strains are resistant also against at least two 

second-line TB antibiotics such as fluoroquinolones, capreomycin, amikacin and 

kanamycin (Centers for Disease Control and Prevention, 2016). For example, 

fluoroquinolones are recommended to be used for treating isoniazid-resistant Mtb 

strains (World Health Organization, 2017). The number of MDR-TB cases has 

remained rather constant over the past few years consisting only 3-4% of the new 

TB cases, but the MDR-TB is enriched to 18-21% among the patients that have 

relapsed TB (World Health Organization, 2021). Luckily, more recent TB antibiotics 

bedaquiline and delamanid and repurposed antibiotics linezolid and clofazimine have 

helped in the treatment of drug-resistant TB (Furin et al., 2019). 

All in all, the antibiotic treatment of TB is challenging with the current drugs 

available, and the actual number of drug-resistant cases remains an estimate as all TB 

cases are not tested in low-income countries. The antibiotics are ineffective in 

eradicating the infection and require long treatment time causing harmful side-effects 

and emerging antibiotic resistance.  

1.2.3 Vaccines in tuberculosis prevention 

BCG (bacillus Calmette-Guérin) is the oldest and the most often used TB vaccine. 

BCG is a live-attenuated strain of Mycobacterium bovis which has been developed by 

serial passages to loss the virulence factors. Although previous Mtb infection gives 

protection against re-infection in non-human primates (Cadena et al., 2018), the 

effectiveness of BCG vaccine varies greatly between different groups. A meta-

analysis of BCG efficacy studies showed that the overall BCG protection varies 

between 0-100% (Rodrigues et al., 1993). The same meta-analysis revealed that the 
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protection against miliary and meningeal TB has the smallest deviation, the 

protection being 75% on average in case-control studies (Rodrigues et al., 1993). In 

children under age 16, BCG gives 19% protection against Mtb infection and 58% 

protection against the disease (Roy et al., 2014), but it has only little effect in the 

transmission of the pathogen as it protects such a limited number of TB cases 

(Angelidou et al., 2020). BCG is mostly given intradermally, but recent studies have 

pointed out that intravenous route can be more effective. In non-human primates, 

60% of the animals were able to sterilize the infection after intravenous BCG 

vaccination and 90% could control the infection (Darrah et al., 2020).  

M. bovis BCG is a live bacterium, and it is possible that the vaccinated person 

develops BCG disease, especially if the person is immunocompromised. One study 

concluded that about 1% of HIV-positive infants vaccinated with BCG got 

disseminated BCG disease (Hesseling et al., 2009). Due to its risk–benefit ratio, BCG 

has now been excluded from many national vaccination programs as unnecessary 

risk. When considering the variable efficacy of BCG and its safety-issues, better 

vaccines are needed against TB to effectively control the epidemic.  

Currently there are about 150 on-going clinical trials of different TB vaccine 

candidates (Medicine, ClinicalTrials.gov, 2020). These vaccine candidates include 

both booster vaccines for BCG and vaccines to replace BCG. Most promising 

vaccine candidate (M72/AS01E) from GlaxoSmithKline has shown 50% protection 

against active disease in latently infected patients (Tait et al., 2019; van der Meeren 

et al., 2018). The M72/AS01E vaccine is a recombinant protein vaccine including 

two Mtb proteins and a liposomal adjuvant (Tait et al., 2019).  

1.3 Pathogenesis of tuberculosis 
 

Both host and pathogen factors affect the pathogenesis of TB. At the host side, there 

are few gene deficiencies related to immune responses that are known to increase 

the susceptibility to TB and the severity of the disease (Abel et al., 2018). Also, the 

overall wellbeing of the host also affects the probability of getting active TB. For 

example, malnutrition and environmental factors such as pollution can reduce the 

function of the immune system and hence affect the susceptibility to TB and the 

development of the disease. However, even without increased host susceptibility, 

Mtb infection can lead to serious disease, although the infectiveness of Mtb is rather 

low. One study reported that eventually only around 34% of children under five 
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years living with a household contact of active TB will get infected (Singh et al., 

2005). 

Mtb has several mechanisms to evade host’s immune responses, which greatly 

affects the disease progression. It seems that both the host and the pathogen have 

powerful mechanisms and the fight of these two factors leads to most often chronic 

infection and granuloma formation but also active or sterilized infection depending 

on the balance of the forces.  

1.3.1 Characteristics of Mycobacterium tuberculosis 

Mtb is an acid-fast rod-shaped bacterium that has a high content of lipids around 

the cell. This mycobacterial cell structure consists of a plasma membrane and a cell 

wall that has arabinogalactan and peptidoglycan as its main components (Daffé & 

Marrakchi, 2019). The cell wall also has an outer membrane that is often called 

mycomembrane. The inner part of the mycomembrane contains mostly of the 

mycobacterial cell membrane lipids such as mycolic acids whereas the outer part of 

the membrane has a smaller percentage of different lipids, most importantly 

trehalose mycolic acids (Augenstreich & Briken, 2020; Ortalo-Magné et al., 1996). 

Many mycobacterial antibiotics inhibit mycolic acid synthesis, which highlights the 

importance of mycolic acids for mycobacteria (Lehmann et al., 2018; Schroeder et 

al., 2002). On top of the mycomembrane, Mtb also have a capsule that has a 

composition of carbohydrates, proteins, lipopolysaccharide, and limited amount of 

lipids (Daffé & Marrakchi, 2019). This unique cell envelope structure protects Mtb 

against different kind of environmental stresses. 

It has already been mentioned that Mtb infection can result in different disease 

outcomes. Both host and mycobacterial heterogeneity affect the outcome of Mtb 

infection and how the disease progresses. Mycobacterium tuberculosis complex bacteria 

are genetically relatively homogenous and there are only small differences between 

the strains (Frothingham et al., 1994). One reason is that Mtb do not use horizontal 

gene transfer (Gutacker et al., 2002) but the genetic variation is due to the single 

nucleotide polymorphisms (Homolka et al., 2012). Even though the genetic 

differences are small, they might have a clinical impact (Jong et al., 2008; Reed et al., 

2007) and indeed certain Mtb strains are reported to be more virulent than others 

(Hernández-Pando et al., 2012; Nicol & Wilkinson, 2008). Interestingly, it has been 

noticed by sequencing several individual mycobacterial cells from one patient that 

the majority of the mutations in this cell population show changes typically caused 
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by oxygen damage, which has led to a hypothesis that the host’s reactive oxygen 

species (ROS) has contributed to these mutations (Liu et al., 2020). The same was 

not seen with HIV-positive patients further supporting the role of immune 

responses in the generation of the mutations (Liu et al., 2020). The mycobacterial 

genetic variation remains rather low but the mycobacterial phenotypic variation on 

the other hand can be high and the host determinants have a great contribution to 

this, which is important for the pathogenesis of the disease. 

The phenotypic variation is distinct from genetic variation, and it is the cell’s way 

to react to different environmental conditions. It is driven by the environment, and 

it is influenced for example by the anatomical location of the infection, availability 

of oxygen and nutrients, the local immune responses and whether the 

mycobacterium are found in an intracellular or extracellular niche or within 

granulomas (Dhar et al., 2016). Also, single cell’s characteristics like size, age, growth 

rate, cell organelle composition and available components and molecules are 

connected to different phenotypes (Schwabe & Bruggeman, 2014). In the case of 

TB, especially the activation of the host’s immune response has been linked with 

increased mycobacterial phenotypic variation (Dhar & Manina, 2015). An active 

immune response was able to induce the formation of dormant mycobacteria that 

are non- or slowly replicating and have reduced metabolic activity. Dormancy can 

be induced basically by any harmful condition such as low pH, iron deficiency, short 

of nutrient or oxygen (reviewed in (Sarathy & Dartois, 2020)). However, even when 

there are no problems with the growth conditions, the mycobacterial population has 

a small subpopulation of non-growing mycobacteria (Kussell et al., 2005).  

1.3.2 Early infection and innate immune responses 

The transmission occurs when droplets containing Mtb coughed by a patient with 

active TB are inhaled. The initial infection dose can be as low as one bacterium. 

Epithelial cells of the airways are the first encounters of Mtb. In addition to acting 

as a physical barrier, epithelial cells can produce for example antimicrobial peptides 

(Li et al., 2012; Rivas-Santiago et al., 2005) and complement proteins (Fehrenbach, 

2001). Virulent Mtb strains can utilize epithelial cells as resident cells and induce their 

cell death to promote mycobacterial spreading (Dobos et al., 2000). Epithelial cells 

can also produce a variety of cytokines, chemokines, and growth factors to recruit 

and activate immune cells to kill the bacteria (Scordo et al., 2016).  
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In the lungs, Mtb is recognized by several innate receptors such as toll-like 

receptors (TLR), NOD-like receptors (NLR), c-type lectins and retinoic acid-

inducible gene (RIG)1-like receptors (RLRs) located both on cell membrane and in 

cytosol of innate immune cells (Mortaz et al., 2015). Innate cell receptors recognize 

pathogen-associated molecular patterns (PAMPs) that are commonly found 

repetitive structures on pathogens. One way mycobacterium can evade immune 

responses is by physical hiding from the recognition by immune receptors using its 

mycomembrane. These mycomembrane lipids form a protective layer around the 

bacteria, which also slows down the influx of nutrients and hence the replication rate 

(Brennan & Nikaido, 1995). One group of membrane lipids, called phthiocerol 

dimycoceroserates (PDIM), are reported to specifically prevent the recognition by 

certain innate receptors (Cambier et al., 2014). These molecules also have an impact 

on the recruitment of new macrophages by shifting the phenotype of the local 

macrophage population towards less bactericidal (Cambier et al., 2014). 

Alveolar macrophages, neutrophils, NK cells and dendritic cells play an 

important role in the early immune response as they are among the first immune 

cells encountered by Mtb. Macrophages consist of up to 95% of the immune cells in 

the alveolar space making them the most abundant innate cell type in the first 

encounter of host’s immune response and Mtb (Srivastava et al., 2014). They take 

up Mtb by phagocytosis and try to kill them by fusing phagosomes with lysosomes 

containing reactive oxygen species (ROS) and antimicrobial peptides in an acidic 

environment.  

Even though mycobacterium is recognized and phagocytosed by innate immune 

cells, it has ways to survive inside the endosome. Controversially, mycobacterium 

promotes phagosome fusion with early endosomes by its PIM (phosphatidylinositol 

mannoside) molecule (Vergne et al., 2004). However, Mtb is capable of arresting the 

later phagolysosome maturation by its LAM (lipoarabinomannan) molecule (Vergne 

et al., 2003). It has been speculated that the reason for enhancing early endosome 

fusion is to gain access to nutrients and iron located in the endosomes (Vergne et 

al., 2004). Mycobacterial PIM molecule can inhibit the reduction of pH in 

phagosomes by preventing the recruitment of vacuolar ATPase and GTPase that 

pump H+ ions into the phagosome (Via et al., 1998). Prevention of phagolysosome 

fusion is a key point in the survival of mycobacterium within the host and it is 

thought to lead to translocation to cytosol and rapid bacterial growth phase inside 

the macrophage before escaping from the host cell  (Sturgill-Koszycki et al., 1994).  

In addition to inhibiting the acidification of the phagosomes, the attack of 

reactive oxygen (ROS) and nitrogen species (RNS) from lysosomes is prevented by 
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mycobacteria. The production of ROS and RNS during the infection is a common 

antimicrobial defense mechanism by innate immune cells but mycobacterium is able 

to resist this harmful environment for a long period. The mycobacterial ROS and 

RNS resistance mechanisms include for example the mechanical protection obtained 

via the strong cell wall and the production of scavenger enzymes for ROS (Voskuil 

et al., 2011).   

Mycobacterial secretion systems, ESXs (6 kDa early secretory antigenic target 

(ESAT6) protein family secretion system), have a great role in the virulence of the 

pathogen. ESX is a transmembrane multiprotein apparatus that transports different 

molecules through the inner cell membrane of mycobacteria (Gröschel et al., 2016). 

Mycobacteria have five secretion systems, ESX-1 to 5, of which ESX-1 is the best-

known in the context of immune evasion (Gröschel et al., 2016). ESX-1 is part of 

the RD1 (region of difference 1) gene locus which is removed from the avirulent 

BCG vaccine strain (Etna et al., 2015). ESX-1 secretion system has long been known 

to be essential in breaking down the phagosome and releasing mycobacteria into the 

cytosol (McDonough et al., 1993). ESX-1 has also been shown to break down whole 

host cells enabling the spreading of the bacteria into new host cells (Augenstreich et 

al., 2017; Conrad et al., 2017; Mahairas et al., 1996).  

1.3.2.1 The role of other innate immune mechanisms  

 

In addition to the well-known macrophages and their intracellular killing properties, 

other innate mechanisms contribute to the mycobacterial control as well such as 

innate lymphoid cells (ILC) and a phenomenon called xenophagy which can be 

described as autophagy against non-self-material. There are several pieces of 

evidence that xenophagy is an important defence mechanism against intracellular 

infections (Siqueira et al., 2018) and mycobacterium has developed an ESX-1-based 

method to hamper autophagy (Romagnoli et al., 2014), which supports the 

importance of the mechanisms in the protection against mycobacterial infections. 

ILCs are unconventional lymphocytes commonly found on mucosal tissues and 

have characteristics from both innate and adaptive immunity. These cells are 

maturing from the lymphoid lineage, but they do not have functional machinery to 

undergo somatic recombination and thus are missing lymphocyte antigen receptors 

(T and B cell receptors) (Spits et al., 2013). Innate lymphoid cells can be divided into 

three groups that mimic the features of T helper cells (Th1, Th2 and Th17) of 

adaptive immunity described later (Spits et al., 2013). The role of unconventional T 

cells in TB is less studied but it has been shown in a mouse model that the ILC 
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population reacts to the mycobacterial infection and differentiate towards pro-

inflammatory ILC1-like cells on mucosal tissues (Corral et al., 2022). Also, ILCs 

producing interleukin (IL) 17 and IL22 (group 3) has been reported to be important 

in the control of Mtb growth in the early mycobacterial infection (Ardain et al., 2019).  

Natural killer (NK) cells are included in the ILC group 1. NK cells have a direct 

killing capacity to eliminate infected host cells, but they can also react directly against 

Mtb (Esin et al., 2013). Another important mechanism in mycobacterial infections 

mediated by NK cells is the secretion of different cytokines such as IL22 (Dhiman 

et al., 2009) and IFNγ (Schierloh et al., 2005) that activate macrophages to kill 

intracellular Mtb. NK cells have a role in the protection against TB and there is a 

correlation between disease severity and the number of available NK cells (Moreira-

Teixeira et al., 2020). Also, the function of NK cells is affected in the early phase of 

the infection (Bozzano et al., 2009), which may be due to mycobacterial evading 

mechanisms. 

Whereas the protective role of NK cells in TB is largely accepted, the role of 

neutrophils remains controversial. They are part of the innate repertoire, and they 

phagocytose mycobacteria during innate and adaptive responses (de Martino et al., 

2019). Insufficient numbers of neutrophils in the early infection have been 

connected to the progression of the disseminated disease in a mouse model (Pedrosa 

et al., 2000). On the other hand, high numbers of neutrophils are associated with 

worsen disease outcome (Moreira-Teixeira et al., 2020; Panteleev et al., 2017) and 

neutrophils are commonly utilized by Mtb as host cells during active TB (Eum et al., 

2010). It has been shown that Mtb is capable of inducing necrosis of neutrophils by 

a RD-1 (region of difference) dependent manner and promoting mycobacterial 

spreading into new host cells (Corleis et al., 2012). Altogether, it seems that the 

kinetics of the neutrophil number during Mtb infection is an important factor of TB 

pathogenesis (Hult et al., 2021; Pedrosa et al., 2000).   

1.3.3 Establishing the infection and adaptive immune responses 
 

Antigen presenting cells (APC), especially dendritic cells, leave the site of infection 

via draining lymphatics to lymph nodes after phagocytosing mycobacteria. In lymph 

nodes, they prime naïve T cells specific for their peptide antigen presented on HLA 

type II -molecule, which actives T cells and enhances T cell proliferation leading to 

activated adaptive immune system. The prevention of immune functions by 

mycobacterium is focused on innate responses, which greatly affect the course of 
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infection by ensuring the survival of the pathogen and by delaying adaptive immune 

responses. In addition, mycobacterial infection disturbs the transportation of the 

HLA type II -molecules from endosomes to cell membrane. Unloaded HLA 

molecules are detected on the cell surface of innate immune cells quickly after 

mycobacterial infection and at the same time the synthesis of new HLA type II -

molecules is prevented (Hava et al., 2008). The overall result is that the 

transportation of APCs and mycobacterial antigens into lymph nodes and the 

initiation of adaptive responses is delayed compared to other infectious diseases, 

which gives mycobacteria more time to replicate (Gallegos et al., 2008). The delay of 

the onset can be significant, and it can take 2-6 weeks after the infection until the 

adaptive responses can be measured (de Martino et al., 2019). 

1.3.3.1 Evading adaptive responses 

 

The effector functions of the mammalian adaptive immune system are powerful, and 

it is important for mycobacterium to suppress these mechanisms to ensure its 

survival. There are indications that mycobacteria produce antigens to mislead T cell 

responses (Goldberg, Saini, and Porcelli 2014), which may also explain why Mtb has 

evolutionarily conserved antigens that are recognized by T cells in humans (Comas 

et al. 2010).  

CD4+ cells, so called helper T cells (Th cell), are one type of T cells. Their main 

job is to help other immune cells to get activated by secreting cytokines. The 

importance of CD4+ cells in the control of TB is highlighted in HIV-positive patients 

who have a 19 times higher risk of developing TB (World Health Organization, 

2019). HIV infects human CD4+ cells and macrophages and reduces these cell 

populations. 8.2% of new TB cases were among HIV-positive patient but the 

percentage of HIV-positive cases increases to 15% when considering TB deaths 

(World Health Organization, 2020). CD4+ cells are further divided into subtypes that 

all have a role in inducing specific types of immune responses. Of these subtypes 

only Th1 and Th2 are further discussed in the context of TB. 

Traditionally, mycobacterium is thought to only reside in intracellular niches 

inside macrophages, where it is not exposed to humoral immune responses and 

therefore the focus of TB research has been on macrophages and Th1 cells that that 

activates macrophages to enhance their killing mechanisms against intracellular 

pathogens. However, various studies have yielded inconsistent results regarding the 

role of Th1 cells, varying from Th1 cells mediating detrimental effects to no effect 

or protective responses (reviewed in (Jasenosky et al., 2015)). Th1 and Th2 has been 
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described as one another’s counterparts where expression of Th1 markers inhibit the 

expression of Th2 markers and vice versa but a more recent view accepts plasticity 

and co-expression between Th subsets (Zhu, 2018). In a zebrafish study, higher 

Th2/Th1 balance was connected to controlled mycobacterial infection (Hammaren 

et al., 2014). Another study revealed that IFNγ and IgA levels against mycobacteria 

were lower in patients with active TB and higher with protective responses (Belay, 

Legesse, Mihret, Ottenhoff, et al., 2015), which suggests that Th1 and Th2 

inductions at the same time is both possible and beneficial in the fight against 

mycobacterial infection.  

B cells and the differentiated form, plasma cells, are professional antibody 

producing cells. As so many other immune mechanisms, the role of antibodies in the 

pathogenesis and the protection against TB, is controversial. This might be because 

an early studies of TB serum therapy gave variable results (Glatman-Freedman & 

Casadevall, 1998). Later it has been noticed that the functional part of the antibody 

may affect the protection. IgA against Mtb prevented the in vitro cell line infection of 

mycobacterium but IgG enhanced the infection (Zimmermann et al., 2016). In 

addition to a diminished number of B cells in the blood of active TB patients, the 

remaining cells have dysfunctional proliferation and the production of 

immunoglobulins and cytokines (Joosten et al., 2016), which might be due to Mtb 

immune evasion strategies.  

In addition to interrupting specific immune mechanisms, mycobacteria can also 

generate a regulatory environmental niche. It has been noticed that the number of 

regulatory T cells is increased in the mycobacteria-infected lungs, inhibiting the 

adaptive immune responses (Kursar et al., 2007). Regulatory T cells have an 

inhibitory role in inflammation and infection, and they maintain tolerance against 

own tissues. Although, it is important to prevent tissue disruption and excessive 

inflammation, these mechanisms can also prevent beneficial immune responses. 

Mycobacterium has evolved to take advantage of some of these inhibitory 

mechanisms, and it is known that they can, for example, manipulate a variety of 

immune cells to produce IL10 (Abdalla et al., 2016). 

Host’s innate and adaptive immune responses work hard to eliminate pathogens 

but in the case of Mtb the prevention mechanisms of the bacteria are strong and 

diverse, which often leads to a compromise between the host and the pathogen.  In 

most of the TB patients, this compromise is seen as the establishment of chronic 

infection and the formation of granulomas.   
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1.3.4 Granulomatous lesions – survival after immune responses 
 

Within a host, mycobacterium is often seen in granulomas when the immune 

response fails to resolve the infection. Granuloma is a typical pathological structure 

common in TB patients and it is considered as the hallmark of TB. However, 

granulomas can form also in other diseases when the source of infection or 

inflammation cannot be eliminated. The TB granuloma is a dynamic structure of 

aggregated host immune cells around a mycobacterial core where mycobacteria 

attach to each other including some immune cells moving around the granuloma 

(Cronan et al., 2018). The granuloma consists of innate immune cells such as 

macrophages, monocytes, dendritic cells, and neutrophils but also T and B cells of 

the adaptive immune response (Mattila et al., 2013; Wolf et al., 2007). A fibrous 

capsule surrounds the structure and seals mycobacteria inside (Cyktor et al., 2013). 

The formation of a granuloma starts when infected and inflammatory 

macrophages cluster together (Bhavanam et al., 2016). New immune cells are 

recruited to the site to join the initial granuloma after which adaptive immune cells 

starts to aggregate to form a mature granuloma (Bhavanam et al., 2016). A mature 

granuloma is a tight structure where some of the macrophages have switched their 

phenotype to epithelioid macrophages with adherens junctions (Cronan et al., 2016). 

Macrophages can also be seen as multinucleated giant cells of fused macrophages. 

The development of giant cells is initiated by the signal from CD40-CD40 ligand 

interaction and sufficient amount of IFNγ produced by T lymphocytes (Sakai et al., 

2012). The function of giant cells is unknown, but they are thought to be important 

in restricting the mycobacterial dissemination (Cronan et al., 2016). Interestingly, 

these cells are not able to phagocytose (Lay et al., 2007). Foamy macrophage is 

another modified macrophage type in granulomas. The characteristic of foamy 

macrophage is visible lipid droplets inside the cell. Foamy macrophages are 

developed when the host’s lipid metabolism is altered leading to accumulation of 

lipids in the cytosol and giving the cells their foamy appearance (Kim et al., 2010). 

Large amounts of lipids inside the host cell can provide a source of nutrient for 

mycobacteria (Peyron et al., 2008).  

Even though the host promotes granuloma formation to seal the pathogen in one 

place and to prevent the spreading of the disease, granulomas may also help 

mycobacteria to grow safely inside these structures (Cronan et al., 2016; Davis & 

Ramakrishnan, 2009). Macrophage morphological changes into epithelioid 

macrophages, giant cells and foamy macrophages are all connected to mycobacterial 

antigens (Johansen et al., 2018; Rhoades et al., 2005), which implies that 
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mycobacteria may actively enhance granuloma formation. Also, induction of 

granuloma blood vascularization by mycobacterium promotes mycobacterial growth 

(Oehlers et al., 2017). Mycobacterial antigens’ capability of modifying granuloma 

formation shows that mycobacterium can utilize granuloma environment for its own 

use.  

Granulomas have different maturation states. Granuloma can be found in a solid 

form where the centre of the granuloma is compact, but it can also mature further 

into a caseous granuloma and even liquify the centre of the granuloma when the 

infection proceeds. Formation of foamy macrophages can be considered as an early 

state of caseous granuloma (Kaplan et al., 2003). In some cases, the caseotic 

granuloma center with foamy macrophages can eventually develop into a necrotic 

granuloma center, where the core includes dead and dying host cells and live 

mycobacteria.  

Like TB itself, granulomas are very heterogenous in nature. Only one bacterial 

cell can originate a granuloma (Lin et al., 2014) and within a patient, different 

granulomas are independent in their maturation (Subbian et al., 2015). Thus, 

granulomas can be found in many forms and maturation state within a patient. It has 

also been shown that separate granulomas can fuse together forming complex 

structures of multifocal granulomas (Cronan et al., 2018).  

In addition to histological differences, the inflammatory environment can vary 

within a granuloma and inflammatory mediators differ between different granuloma 

sections. The centre of a granuloma has a pro-inflammatory profile and towards the 

edges anti-inflammatory environment takes place (Marakalala et al., 2016). Even 

though granulomas are formed when the source of infection cannot be eliminated 

and mycobacteria is known to take advantage of this situation, it has been shown 

that about 10% of the granulomas are sterilized by four weeks in a macaque model 

(Lin et al., 2014). The local granuloma immune responses determine the bacterial 

killing and can lead to different outcomes independently from other granulomas of 

the same individual (Gideon et al., 2015; Lin et al., 2014; Martin et al., 2017).  

1.3.4.1 Mycobacterial biofilm 

 

The initial steps in the TB pathogenesis include intracellular phases but mycobacteria 

can survive outside the host cell as well as already discussed in the previous section. 

Mycobacterial cords, long tight bacterial bundles, have been visualized in vitro already 

by Robert Koch (Koch, 1882) and the formation of biofilms has later been seen in 

human granulomas (Chakraborty et al., 2021). The aggregation of bacterial cells and 
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the production of ECM (extracellular matrix) is a natural phenomenon typical for 

bacteria. Biofilms are well-defined bacterial communities where the bacteria are 

adhered to each other and the ECM they have produced around them (Vestby et al., 

2020). They can also attach to live or artificial surfaces (Vestby et al., 2020). 

Extracellular polymeric substance (EPS) originating from the bacteria can include 

proteins, lipids, nucleic acids, and polysaccharides that are known to be involved in 

the mycobacterial ECM structure (Chakraborty & Kumar, 2019). Cellulose is one 

component of the Mtb biofilm ECM in human granulomas that has also shown to 

have an impact on drug tolerance in mouse model (Chakraborty et al. 2021). 

The bacteria also communicate with each other in biofilms, a phenomenon called 

quorum sensing, and several mycobacterial molecules have been identified to signal 

changes in the environment (Hegde, 2019). Environmental stress such as a reductive 

agent can induce the mycobacterial biofilm formation in vitro (Trivedi et al., 2016), 

which might be possible also in the in vivo situation where immune responses attack 

against the pathogen. Biofilm gives protection for the bacterial population and 

mycobacterium grown in a biofilm has an increased drug tolerance (Ojha et al., 

2008). The importance of mycobacterial biofilms has been shown in experimental 

Mtb infection models, where they have been connected to higher virulence and more 

severe infection outcome (Arias et al., 2020; Chakraborty et al., 2021).  

Biofilm lifestyle leads to heterogeneity of the bacterial population and the 

development of subpopulations within the biofilm. Persisters, a subpopulation of 

tolerant cells, have been identified in Staphylococcus aureus infections a long time ago 

(Hobby et al., 1942) but the terminology is often inconsistent, and tolerance, 

persistence and resistance are often used as synonyms in the literature. According to 

Brauner et. al, the term resistance is used for genetic resistance that can be measured 

by the increased MIC (Brauner et al., 2016). Tolerance is surviving in a lethal drug 

concentration for a long period of time without altering the MIC on the population 

level, whereas persistence is a character of a subpopulation of cells that are non-

heritable tolerant to the drug (Brauner et al., 2016). Phenotypic cell-to-cell 

differences within the bacterial population are often associated with the metabolic 

status of the bacteria and their entry into dormancy (Cadena et al., 2017). While 

dormancy is an important way for mycobacteria to protect against harsh conditions, 

this is not the only means. It has been shown that the bacterial population has sub-

populations within biofilm which alter by their metabolic activity, cell division rate 

and/or drug tolerance (reviewed in Bisht & Wakeman, 2019). However, the 

mycobacterial population in thiol-induced biofilm was shown to be metabolically 

active and still have increased drug tolerance (Trivedi et al., 2016). 
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1.4 Protective immune responses 
 

Many cytokines are shown to be important in the control of TB. 

Immunosuppressant studies in humans and genetic deficiencies connected to TB 

have broadened the understanding of protective immune responses in TB. For 

example, the lack of IL12 or IFNγ is a determining factor of TB progression (Alcaïs 

et al., 2005) and the amount of produced IFNγ correlates negatively with the severity 

of the disease (Abebe et al., 2017; Belay, Legesse, Mihret, Bekele, et al., 2015). It has 

been shown that blocking pro-inflammatory TNF increases the risk of active TB in 

humans (Keane et al., 2001; Navarra et al., 2014). Also, IL1 receptor genetic 

deficiency is detrimental in TB (Fremond et al., 2007). As these studies indicate, 

deficiency in one cytokine or mechanism can lead to the progression of the disease 

but it is unlikely that there is a single factor that could protect against Mtb infection. 

The question is what kind of cocktail of immune cells and molecules is needed for 

the protection in different disease states.  

Both TNF and IFNγ are cytokines that are acknowledged as key players in the 

immune response against Mtb. They are produced by several immune cell types in 

response to infection and they promote inflammation and immune reactions. The 

lack of either of the cytokines leads to more severe disease but also if they are 

produced extensively. The right balance of TNF (Roca & Ramakrishnan, 2013) and 

IFNγ (Sakai et al., 2016) during infection has been connected to better controlled 

bacterial burdens. Similar kind of balance is required in T cell subsets. The 

importance of CD4+ cells in the control of TB has been demonstrated in HIV-TB 

co-infected patients but it has been a long debate whether Th1 or Th2 cells are more 

effective in protecting against TB. Increasing amount of evidence suggest that Th1 

and Th2 responses together provides the best protection (Abebe, 2019; Hammaren 

et al., 2014). 

It is known that some individuals are able to sterilize Mtb infection. These 

individuals are often called ‘resisters’. The eradication of the bacteria can happen 

before the onset of adaptive immune responses and relies mostly on innate 

responses. This phenomenon is referred as early clearance. Delayed clearance is 

mediated by an effective combination of innate and adaptive responses (Verrall et 

al., 2014), which is seen for example as sterilized granulomas (Lin et al., 2014). A 

complete delayed clearance of Mtb can be detected only postmortem in human as 

latent and cleared infection are impossible to distinguished with diagnostics (Verrall 

et al., 2014). However, spontaneous clearance of mycobacteria has been shown in 
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adult zebrafish where about 10% of population cleared the mycobacterial infection 

without antibiotics or vaccinations (Hammaren et al., 2014).    

One of the first studies of the resisters was reported already in 1930s where about 

5% of highly Mtb-exposed nursing students remained tuberculin skin test (TST) 

negative (Badger & Spink, 1937), which is an indirect indication of the early clearance 

and the absence of the adaptive responses. The prevalence of resisters varies between 

different studies from 5% to 35% depending on the duration of the Mtb exposure, 

genetic background of Mtb and the host, the intensity of the exposure and the length 

of the study follow-up (reviewed in (Simmons et al., 2018)).  

A more recent study followed household-contacts of active TB patients in 

Uganda and showed that 8.3% of the individuals with repeated high Mtb exposure 

did not develop reaction in IGRA-test (interferon-gamma release assay) (Lu et al., 

2019). As the IGRA result indicates, these resisters did not produce IFNγ but instead 

had IFNγ-independent immune responses. Even though the resisters did not have 

IFNγ production, they had similar antibody responses to individuals with latent TB 

(Lu et al., 2019). In an in vitro study, blood immune cells from latent TB patients 

restricted the growth of BCG, whereas cells from patients with active TB did not 

(Joosten et al., 2018). It is also known that having latent Mtb infection partially 

protects against progressive disease in reinfection, and therefore CD4+ and IFNγ, 

seen in the individuals infected for the first time, have been thought to be the 

cornerstones of the protective immune response (Andrews et al., 2012). However, 

this is in some extent contradictory to the observation that a stronger reaction in the 

TST is associated with higher likelihood of active TB in the future (Comstock et al., 

1974; Doherty et al., 2002). Previously IGRA- and TST-negative persons have been 

categorized as individuals that do not have adaptive immune responses against Mtb. 

The Uganda cohort clearly indicates that the interpretation of the IGRA results is 

not that straightforward, and it is possible for IGRA-negative individuals to 

recognize Mtb antigens and develop antibodies against the pathogen.  

For a long time, it has been known that resisters exist, but the protective immune 

mechanisms are still under investigation. The development of new TB prevention 

strategies would greatly benefit from broader understanding of the mechanisms of 

both early and delayed clearance. 
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1.5 Zebrafish model of tuberculosis 

1.5.1 Overview of animal models to study tuberculosis 

Many animal models have helped to understand mycobacterial infections and they 

all have given valuable information about the host and pathogen interactions. 

Modelling TB in animals has not been easy. All models have their pros and cons, 

and the animal model should be chosen according to the research question. Mtb is a 

very old human pathogen that has co-evolved with its host and developed specific 

immune evasion mechanisms. This has made the pathogen very host-specific, and 

even though it can infect other species as well, the development of the whole disease 

spectrum of TB is only seen in non-human primates, in addition to the human host. 

Especially, necrotic cavitary granulomas, aerosol transmission and post-primary 

steps of the infection with latent infection are hard to model in animals (Basaraba & 

Hunter, 2017). The primary phases of the Mtb infection are often described in animal 

models but many of the animals in use are either hyposensitive or hypersensitive to 

the mycobacteria and unable to resolve the infection or limit it by developing latency. 

After all, latent infection consists of a major part of human infections, and it would 

be important to model experimentally.   

Non-human primates are considered the most accurate model to mimic human 

TB. They are anatomically and physiologically close to humans and they have similar 

immunological and pathological reactions against mycobacteria (Pena & Ho, 2015). 

The aerosol infection with Mtb develops, depending on the infection route and dose, 

into a spectrum of disease outcomes from progressive infection to latent disease (Lin 

et al. 2009). Macaque has indeed been used to study the heterogeneity of the 

granulomas within a single host (Lin et al., 2014; Martin et al., 2017). One difference 

between human and non-human primate infection is the prevalence of latency 

among infected individual which also varies between macaque species from 10 to 

40% of the infected individuals versus up to 90% latency in humans (Pena & Ho, 

2015). Another drawback in the use of non-human primates is the obvious ethical 

issues along with high costs and issues of ensuring safe handling of the animals. 

Mice are the most commonly used animal model in the TB research offering a 

great variety of different research tools. A major disadvantage in the use of mice is 

that Mtb is not a natural pathogen of mice, and the course of the infection does not 

resemble in every aspect the mycobacterial infection seen in humans (Cooper, 2015). 

For example, the latent phase of the infection is often created by using antibiotics or 
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vaccination to kill the actively dividing bacteria that would otherwise proceed 

replicating eventually killing the animal (Shi et al., 2011). The inbred mouse strains 

have different susceptibility to Mtb infection some being resistant and the others 

very sensitive, which affects the progression of the disease (Medina & North, 1999). 

Even though the disease pathogenesis in mice differs from human infection, it is still 

the golden standard in TB drug and vaccine preclinical testing.  

Guinea pigs and rabbits have also been routinely used as TB models. Guinea pigs 

are relatively susceptible for Mtb infections and produce an active gradually 

progressive disease with necrotic granulomas (Sakamoto, 2012). Compared to mice, 

guinea pigs are bigger in size, and hence more operations can be performed per one 

animal (Singh & Gupta, 2018). Unlike mice, guinea pigs can be used to study 

dissemination and transmission of TB (Smith et al., 1970), but in the other hand they 

lack the latent disease state (Riley, 1957). While guinea pigs are susceptible to the 

Mtb infection and mice can be either sensitive or resistant depending on the strain 

in use, rabbits can develop latent TB (Sakamoto, 2012). In addition, rabbits produce 

cavitary granulomas not seen in mice and model the transmission of the disease 

similar to guinea pigs (Peng et al., 2015). However, the lack of research tools for 

both rabbits and guinea pigs may reduce their use as TB models.  

Mycobacterium bovis causes bovine TB in cattle. Over 50% of cattle and buffalo 

herds were tested to be infected by M. bovis in Amazon regions (Carneiro et al., 2019), 

which provides a large reservoir of zoonotic M. bovis infections for humans. It is a 

very common disease and clearly bovine TB needs resolving as an issue on its own, 

but it can also be used as a TB model of a natural host–pathogen interaction. Cows 

are large animals, and the disease progression is slow, which might reduce its 

practicality as a TB model, but the disease has many pathological similarities with 

human TB (van Rhijn et al., 2008). Unlike rodent models where the infection often 

spreads into other organs, M. bovis infection is mostly found in lungs. A natural M. 

bovis infection can start just from one to three bacteria but variable infection doses 

are used to modify the disease severity experimentally (van Rhijn et al., 2008). 

Granulomas are also hallmarks of bovine TB and the formation and the pathology 

of the granulomas are very similar to human TB (Palmer, 2018). In addition, latency 

is seen in the bovine TB, which has been detected by the absence of culturable 

bacteria but positivity in the IFNγ releasing assay (Pollock et al., 2000). Interestingly, 

the immune responses against M. bovis in cattle vary between the individuals and it is 

known that only maximum of 30% of the herd get the disease, resembling the 

heterogeneity of TB transmission in a human population (Phillips et al., 2003).  
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Drosophila melanogaster is a widely used model for many cellular and molecular 

phenomena. It has also been utilized as a model organism for innate immune 

responses and different aspects of infection diseases such as Candida albicans 

(Sampaio et al., 2018), Yersinia pestis (Ludlow et al., 2019), Zika virus (Y. Liu et al., 

2018) and trypanosomatid infection (Hamilton et al., 2015). M. marinum has been 

used to study TB. D. melanogaster has only innate immune system which limits the use 

of the model to early mycobacterial infection. The lack of adaptive immune 

responses also makes drosophila a very susceptible to M. marinum infection and only 

few bacteria can lead to lethal disease within a couple of weeks (Dionne et al., 2003). 

In drosophila, M. marinum is capable of preventing acidification of the phagosomes, 

remaining alive in the phagocytes (Dionne et al., 2003) and induce wasting (Dionne 

et al., 2006) similarly to mammal TB models. The M. marinum–D. melanogaster model 

lacks some important aspects of the TB pathogenesis, but it is genetically tractable, 

rapid, and low-cost model, which is ideal for large-scale screening.  

Amoeba is another invertebrate that has been used to study TB. It is a single-cell 

organism that is found in forest soil and water, and it is a possible natural source of 

non-tuberculous mycobacteria (Mba Medie et al., 2011). Dictyostelium discoideum can 

be infected by both Mtb and M. marinum (Hagedorn et al., 2009; Solomon et al., 

2003). As a single-cell organism, amoeba can be compared to a macrophage that 

phagocytose material and degrade it and model these events of human TB. In 

addition, mycobacterial spreading from one cell to another is a nonlytic process has 

been modelled in amoeba infection (Hagedorn et al., 2009). The very early events of 

the mycobacterial infection can be studied in amoeba but in the absence of multiple 

mammalian cell types and tissues, it cannot fully model the pathogenesis of TB.  

1.5.2 Mycobacterium marinum and zebrafish 
 

Zebrafish (Danio rerio) infected with Mycobacterium marinum is a recently established 

TB model and a natural host–pathogen pair. The advantages of zebrafish include its 

small size, small space requirement and low cost. It also produces numerous 

offspring, and it is a well-known model often used in developmental biology. In 

comparison to many other laboratory animals, zebrafish populations are heterogenic 

in nature. Zebrafish lines are not inbred and hence remain genetically heterogeneous 

(Brown et al., 2012; Guryev et al., 2006). The heterogeneity of the population 

increases variation in the experimental results, but it also models the variation seen 

in the human population.  
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On the other hand, zebrafish is not a mammalian species, and its anatomical 

differences can affect the results. The infection route in the experimental zebrafish 

model differs from how humans get infected, as in the absence of the lungs, 

zebrafish are infected via injection. When adult zebrafish are infected by an 

intraperitoneal injection, the bacteria enter the blood circulation and the primary 

location of the experimental infection is the internal organs such as the spleen, the 

liver, the gonads, and the pancreas (Parikka et al., 2012). The location of the infection 

in internal organs after intraperitoneal injection and the lack of lungs prevent the 

modelling of air-borne transmission in zebrafish, which is a big drawback in TB 

research. Another disadvantage of the zebrafish model is the limited availability of 

research tools as compared to the often-used mouse model. For example, antibodies 

against zebrafish molecules and zebrafish cell lines are not commonly available.  

The genomes of M. tuberculosis and M. marinum are 85% identical (Stinear et al., 

2008). Most of the differences are due to M. marinum partial genome duplication and 

its adaptation for environmental niches (Tobin & Ramakrishnan, 2008). Both 

zebrafish larva and adult zebrafish are used as a TB model. Zebrafish larva is a 

transparent organism that enables visualization of the infection with fluorescence 

techniques. Zebrafish larva develop quickly, and intravenous injection can be 

performed already for one-day-old embryos. Also, drug treatments can be done by 

simply adding the compound into the fish water making large-scale screens feasible 

to perform. The ease of handling and genetic manipulation techniques have made 

zebrafish larva a popular model in TB research.   

The fact that zebrafish larva is still a developing animal can be a problem in some 

cases. For example, larva does not have a full set of adaptive immune responses and 

its organs are still maturing (Trede et al., 2004). Adult zebrafish does not have this 

problem, but the wildtype fish lacks the easy imaging and genetic manipulation 

techniques used for larva, although optically transparent casper mutant zebrafish line 

has enabled imaging of adult fish as well. A major advantage in adult zebrafish is its 

fully developed innate and adaptive immune systems. It has been shown that a small 

infection dose of under 50 cfu (colony forming unit) produces spontaneous latent 

disease with stable M. marinum burden and dormant mycobacteria in the majority of 

adult fish (Hammaren et al., 2014; Parikka et al., 2012). The granuloma structure in 

zebrafish is highly similar to human granulomas (Swaim et al., 2006). In zebrafish 

larvae, early granulomas start to form already few days after the infection as an 

aggregation of M. marinum–infected macrophages and recruited neutrophils (Davis 

et al., 2002; Yang et al., 2012). In adult zebrafish, mature granulomas form within 
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few weeks with necrotic core, immune cell aggregation and epithelioid capsule 

(Parikka et al., 2012; Volkman et al., 2010).  

Despite all the pros and cons in the use of zebrafish, most importantly, zebrafish 

is an ethical model to study TB as it is the least neuro–physiologically developed 

organism of the TB animal models that still has a full immune system with innate 

and adaptive branches (van der Sar et al., 2004) and can model the whole spectrum 

of mycobacterial infection outcomes.  

1.5.3 Zebrafish immune system 

As a vertebrate, zebrafish shares many features of the immune system with human 

but there are few important differences as well. The organization of lymphoid tissues 

in human and zebrafish are somewhat different. The primary lymphoid organs in 

adult zebrafish are the kidney and the thymus (Uribe et al., 2011) compared to human 

bone marrow and thymus where the hematopoiesis occurs. Secondary lymphoid 

organs are sites where mature lymphocytes meet antigens and innate cells and get 

activated. The human secondary lymphoid organs are lymph nodes, spleen, Peyer’s 

patches, tonsils and appendix. Zebrafish do not have lymph nodes or Peyer’s 

patches, which is one of the biggest differences to the mammalian immune system, 

but the spleen and the gut-associated lymphoid tissues function as secondary 

lymphoid organs in zebrafish (Lieschke & Trede, 2009; Renshaw & Trede, 2012).  

Zebrafish larva do not yet have adaptive immune responses as the adaptive 

mechanisms are still developing. However, innate cells and their functions have been 

conserved during the evolution and zebrafish larvae have early macrophages already 

at one day post fertilization (Langenau et al., 2004). For historical reasons, all 

mononuclear cells found in zebrafish larvae are called macrophages despite their 

localization to tissues or circulation (Herbomel et al., 1999, 2001). Neutrophils can 

be detected soon after macrophages and they are the major granulocytes in zebrafish 

larva as eosinophils are only found in adult zebrafish and basophils are not known 

to be present in fish (Balla et al., 2010; Lieschke et al., 2002). However, a small 

number of mast cells have been identified in zebrafish larva (Dobson et al., 2008). 

These fish innate cells have several PRR types commonly found in mammals for the 

recognition of foreign molecules such as toll-like receptors, RIG-I-like receptors, 

scavenger receptors, NOD-like receptors and C-type lectin receptors (Masud et al., 

2017). In addition to cell mediated innate responses, zebrafish also has soluble 

factors of the complement system which can be transferred from the mother either 
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as a protein or a mRNA before the onset of protein production (Zhang & Cui, 2014). 

Overall, it is known that the innate responses are stronger in fish than in mammals 

and these mechanisms are important even when adaptive responses are already 

functioning (Magnadóttir, 2006). 

The first T cell progenitors appear as early as three days after fertilization, but it 

takes up to four weeks to have fully functioning lymphocytes (Langenau et al., 2004). 

Mature B cells with capability of producing antibodies can be detected 20 days post-

fertilization (Page et al., 2013). The antibody classes of zebrafish are more limited 

than in mammals. Mammals have five different antibody subclasses whereas 

zebrafish has only IgM and IgD similar to mammals and IgZ which is a fish specific 

subclass. Like in humans, alternative splicing of mRNA is used to produce IgM and 

IgD antibodies but also IgZ (Lieschke & Trede, 2009; Zimmerman et al., 2011). The 

fish-specific antibody class IgZ has been suggested to be a counterpart of the 

mammalian IgA molecule in the mucosal immune system (Zhang et al., 2010). 

Although, there is no class-switching in zebrafish (Stavnezer & Amemiya, 2004) they 

show memory response in the re-exposure of a pathogen by quickly elevating 

antibody titers (Jørgensen et al., 2018).  

1.5.4 Important TB findings made in the zebrafish–Mycobacterium 
marinum model 

The zebrafish–M. marinum model has been used to understand the TB pathogenesis 

and several findings have been discovered utilizing this natural host-pathogen 

interaction. To verify the use of the zebrafish model, M. marinum infection of an 

adult zebrafish has been compared to human TB by several research groups, 

pinpointing many similarities between human and fish diseases from the formation 

of hypoxic granulomas to latent infection with dormant mycobacteria (Myllymäki et 

al., 2018; Parikka et al., 2012; Swaim et al., 2006).  

The easy access to the granulomas in fish and their close resemblance to human 

granulomas has made it a good model to study the characteristics and the dynamics 

of a granuloma. It has been shown in fish that the formation of the granuloma is 

supported by mycobacterium, which has given new knowledge about the balance of 

granuloma protectivity between the host and the pathogen (Cronan et al., 2016; 

Davis & Ramakrishnan, 2009; Volkman et al., 2010). During the granuloma 

maturation, mycobacterium induces the formation of vascularization and by 

inhibiting this angiogenesis it is possible restrict mycobacterial growth (Oehlers et 
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al., 2017). This observation made in zebrafish highlights the large size and the 

complicated structure of the granulomas. Similarly, the epithelial reprogramming of 

granuloma macrophages (Cronan et al., 2016) and role of foamy macrophages in the 

granulomas have been studied in zebrafish (Johansen et al., 2018).  

Zebrafish has also been a useful model to study immune responses against 

mycobacteria. Zebrafish has revealed the importance of the right amount of TNF 

during the infection both too high and too low being detrimental (Roca & 

Ramakrishnan, 2013). The early mycobacterial infection has been dissected in the 

zebrafish larva and has shown that macrophages are crucial in restricting the growth 

of the bacteria but also help spreading the bacteria into deeper tissues (Clay et al., 

2007). The adaptive immunity of the adult zebrafish has shown for example how the 

balance between Th1 and Th2 cells associates with controlling of infection 

(Hammaren et al., 2014). Also, antituberculous drug activity and the formation of 

drug tolerance through mycobacterial efflux pumps in macrophages has been 

identified in zebrafish (Adams et al., 2011). Both adult zebrafish and zebrafish larvae 

have been used to model human TB successfully and it has been acknowledged as a 

well-established, informative, and accurate TB model that has been used to discover 

many details of the TB pathogenesis.   
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2 AIMS OF THE STUDY 

Mycobacteria have developed many ways to evade immune responses, which has 

made mycobacterium a successful pathogen that survives within the host and causes 

a chronic latent disease in the majority of the infected individuals. One of the aims 

of this thesis was to explore methods for preventing the immune evasion and to 

understand the mechanisms responsible for the protective immune responses, 

knowing that some individuals can sterilize Mtb infection naturally in the early 

infection.  

Another mycobacterial evasion strategy, in addition to actively preventing 

immune responses, is its ability to increase the drug tolerance by forming biofilm. 

Biofilm gives an effective protection against host immunity and drugs, and it greatly 

reduces the effectiveness of antimicrobial therapies. Genetically resistant bacterial 

strains are a widely occurring issue but the phenotypic tolerance and the existence of 

persister bacteria in an antibiotic sensitive population are not routinely taken into 

account in clinical settings. After all, persister cells can have an impact on the 

development of chronic infections and treatment failure and increase the possibility 

of genetic resistance.  

The specific aims to study the interventions strategies for mycobacterial evasion 

mechanisms are listed below. 

o To evaluate the disease spectrum of the M. marinum–zebrafish TB model and 

the natural clearance of mycobacteria in the zebrafish population  

o To study immunomodulation prior to mycobacterial infection to prevent 

bacterial immune evasion strategies and induce sterilizing immune responses  

o To characterize the M. marinum biofilm formation, maturation, and 

composition and to establish a molecular technique to specifically target 

mycobacterial biofilms 
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3 MATERIALS AND METHODS 

3.1 Zebrafish lines, housing, and ethics statement (I, II) 

All the zebrafish (Danio rerio) experiments and the facilities of Tampere University 

(Finland) have been approved by the Animal Experimental Board under the 

Regional State Administrative Agency in Finland (licenses: 

ESAVI/6407/04.10.03/2012, ESAVI/8245/04.10.07/2015, 

ESAVI/10079/04.10.06/2015 and ESAVI/17803/2019). Zebrafish were kept 

under standard conditions (Westerfield, 2000) in water-recirculating systems 

(Aquatic habitats and Aquatic Schwarz) with a light-dark cycle of 10h/14h.  

AB wildtype and rag1-/- (hu1999) mutant zebrafish lines were used. The zebrafish 

lines were purchased from the European Zebrafish Resource Center (Karlsruhe 

Institute of Technology, Germany). For adult zebrafish experiments, 3–10 months-

old fish were used.  

3.2 Mycobacterial strains (I-III and manuscript) 

Mycobacterium marinum wildtype strain ATCC 927 from the American Type Culture 

Collection (ATCC) (VA, USA) was used in all M. marinum experiments. In addition 

to wildtype bacteria, in-house-made wasabi fluorescent (pTEC15), tomato 

fluorescent (pTEC27) and bioluminescent M. marinum strains were used in the 

experiments. pTEC15 and pTEC27 fluorescent plasmids were purchased from 

Addgene (MA, USA) (plasmids #30174 and #30182 (Takaki et al., 2013)), and 

electroporated into M. marinum ATCC 927 as previously reported (Aspatwar et al., 

2017). The bioluminescent M. marinum strain has a plasmid with 

pMV306hsp+LuxG13 cassette (Andreu et al., 2010). pMV306hsp+LuxG13 plasmid 

was a gift from Brian Robertson & Siouxsie Wiles (Addgene plasmid #26161). An 

avirulent Mycobacterium tuberculosis H37Ra strain (ATCC 25177) was used in in vitro 

testing of sybodies. Mycobacterial strains used in the thesis are listed in the Table 1. 

 



 

54 

Table 1.  Bacterial strains used in the experiments  

Bacterium Strain Specifications 

Mycobacterium 

marinum 

ATCC 927 Wildtype 

Mycobacterium 

marinum pTEC15 

ATCC 927 + pTEC15  

(Addgene #30174) 

Wasabi 

fluorescence 

Mycobacterium 

marinum pTEC27 

ATCC 927 + pTEC27  

(Addgene #30182) 

Tomato 

fluorescence 

Mycobacterium 

marinum lux 

ATCC927 + pMV306hsp + LuxG13 

(Addgene #26161) 

Bioluminescence 

Mycobacterium 

tuberculosis 

H37Ra (ATCC 25177) Avirulent 

 

3.3 Experimental Mycobacterium marinum infections of adult 
zebrafish (I, II and manuscript) 

 

M. marinum strains were first cultured on Middlebrock 7H10 agar plate (Sigma-

Aldrich, MO, USA) supplemented with 0.5% glycerol (Sigma-Aldrich) and 10% 

OADC enrichment (Becton, Dickinson and Company (BD), NJ, USA) for 1–2 

weeks at 29°C in the dark. An inoculation of the bacterial mass was transferred into 

Middlebrook 7H9 medium (Sigma-Aldrich) supplemented with 10% of ADC 

enrichment (BD), 0.2% of glycerol (Sigma-Aldrich) and 0.2% of Tween80 (Sigma-

Aldrich), and cultured for 3 days at 29°C. The liquid culture was further diluted to 

starting OD600 of 0.07 in the same medium and culturing was continued for 2 days 

to reach the OD600 of 0.4–0.6. If transgenic fluorescent M. marinum strain was used, 

75 μg/ml of hygromycin was added into the culturing media. To prepare the bacterial 

suspension for experimental infection of zebrafish, 1 ml of M. marinum culture was 

transferred into a microcentrifuge tube and centrifuged 3 min at 10,000 g. The 

supernatant was discarded, and the bacterial pellet was resuspended into sterile 1x 

phosphate buffer saline (PBS) (Sigma-Aldrich) with 0.3 mg/ml of phenol red (Sigma-

Aldrich) as a tracer to ensure a successful injection. Before infections, the bacterial 

suspension was slowly put through an HSW Fine Jet 27G needle (Henke Sass Wolf, 

Germany) 3 times to dissociate possible clumps of the bacteria. The prepared 

injection solution was used within two hours. Several samples of the M. marinum 
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solution were plated on 7H10 agar supplemented with 10% OADC (BD) to verify 

the infection dose throughout the infection procedure. 

Adult zebrafish were anaesthetized with 0.02% of 3-aminobenzoic acid ethyl ester 

(Sigma-Aldrich) (pH 7.0) in the tank water. The fish were positioned ventral side up 

and 5 μl of the bacterial solution were injected between the pelvic fins 

intraperitoneally with an Omnican 100 30G insulin needle (Braun, Germany). After 

injection, the fish were quickly transferred into fresh tank water for recovery and for 

monitoring the well-being of the fish. The infection doses were 34±15 cfu in the 

publication I, ranging between 12–75 cfu with an average deviation of 24% in the 

publication II and in the manuscript the infection dose was 63±9 cfu per fish. From 

the previous experimental studies, it has been concluded that an infection dose 

between 10 and 100 cfu will induce a latent M. marinum infection in the majority of 

the adult zebrafish. 

3.4 Experimental Mycobacterium marinum infections of 
zebrafish larvae (II) 

 

M. marinum was cultured and prepared similarly for larval infections as described in 

the section “4.3 Experimental Infections of Adult Zebrafish” except 0.6 mg/ml of 

phenol red (Sigma-Aldrich) was used to prepare a colourful bacterial solution and 75 

μg/ml of hygromycin (Invivogen, CA, USA) was used to culture fluorescent M. 

marinum strains. If fluorescent M. marinum was used, larvae were dechorionated at 1 

dpf (days post fertilization) and kept in E3 medium with 0.0045% 1-phenyl-2-

thiourea (Sigma-Aldrich) to prevent the development of pigmentation. 1 nl of M. 

marinum suspension were used to infect anesthetized larvae with an aluminosilicate 

glass capillary needle (Harvard Apparatus, MA, USA) using micromanipulator 

(Narishige International, UK) and PV830 Pneumatic PicoPump microinjector 

(World Precision Instrument, FL, USA). The infection site of the intravenous 

injection was the caudal vein for 1 dpf larvae and the blood valley for 2 dpf larvae. 

Infected larvae were kept separately on a 24-well plate in E3 medium at 29°C and 

the survival of the larvae were monitored daily. When the fluorescence signal of the 

bacteria was measured, the larvae were anesthetized with 0.02% of 3-aminobenzoic 

acid ethyl ester (Sigma-Aldrich) (pH 7.0) in E3 medium and embedded in 1% low-

melt agarose on a black 96-well proxiplate (Perkin Elmer, MA, USA). The solidified 

agarose was covered with E3 medium with 0.02% of 3-aminobenzoic acid ethyl ester 

(Sigma-Aldrich) (pH 7.0) to prevent drying. The fluorescence signal from the 
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infected zebrafish larva was measured with 2104 EnVision plate reader (Perkin 

Elmer) by scanning individual wells three times 5x5 dots 0.5 mm apart from each 

other with 500 flashes per dot (measurement height 6.5 mm, excitation 490 nm, 

emission 509 nm). An average of the three repeats subtracted by a background signal 

from healthy non-infected larvae are shown in the results.    

3.5 Preparing heat-killed Listeria monocytogenes for priming 
immune responses (II) 

 

To prepare heat-killed Listeria monocytogenes (10403S), an inoculation from the 

bacterial glycerol stock was transferred into BHB (Sigma-Aldrich) and cultured at 

37°C until the OD600 reached 0.9-1.0. The bacterial concentration was checked on 

LB agar plate and heat-killed by autoclaving 120°C for 20 min. The sterility of the 

bacterial suspension was checked on LB plate incubated at 37°C overnight. If soluble 

and insoluble L. monocytogenes molecules were required, the suspension was 

centrifuged at 15,000g for 10 min after autoclaving and diluted to 1xPBS to match 

the L. monocytogenes concentration of 1x106 cfu/µl. For all experiments, the dose of 

heat-killed L. monocytogenes was 0.5x107-1x107 cfu per fish. 

3.6 Extraction of bacterial biomolecules for priming experiments 
(II) 

3.6.1 Enzymatic treatments of heat-killed Listeria monocytogenes  
 

The effect of different compounds of L. monocytogenes as a priming agent was tested 

by enzymatically treating heat-killed L. monocytogenes with either a combination of 

DNase and RNase or with proteinase K (Sigma-Aldrich). To degrade nucleic acids, 

heat-killed L. monocytogenes was first treated with 10 μg/ml of RNase A (Thermo 

Fisher Scientific, NH, USA) at 37°C for 18 h following by an incubation with 83 

U/ml of DNase I (Thermo Fisher Scientific, NH, USA) at 37°C for 30 min and 

inactivation of the enzymes with 5 mM of EDTA with further incubation at 65°C 

for 10 min. A separate sample of heat-killed L. monocytogenes was treated with 10 

μg/ml proteinase K (Thermo Fisher Scientific, NH, USA) and incubated at 37°C for 
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18 h to degrade proteins from the samples. Before injecting into zebrafish, the 

bacterial preparation was inactivated at 70°C for 15 min.  

3.6.2 Extraction of lipids from Listeria monocytogenes  

To test the properties of L. monocytogenes lipids as a priming agent, a method modified 

from Bligh and Dyer (Bligh & Dyer, 1959) was utilized. L. monocytogenes was first 

cultured to OD600 of 0.5 in BHB (Sigma-Aldrich) at 37°C. The bacteria were then 

centrifuged at 10,000g for 3 min and the pellet was collected and washed twice with 

sterile 1xPBS. After washing, the bacteria pellet was resuspended into lysis buffer 

including 20 mM TrisHCl (pH 8) and 1 mM EDTA. The bacteria were heat-killed 

for 20 min at 120°C and cooled on ice. To degrade the bacterial cell wall, lysozyme 

(Sigma-Aldrich) was added into the suspension at the final concentration of 20 

mg/ml. After overnight incubation at 37°C, the samples were further homogenized 

by sonicating for 9 min. For 100 μl of cell lysate, 375 μl of chloroform:methanol 

(1:2) mixture was added and the suspension was vortexed for 15 min. Additional 125 

μl of chloroform was added to the mixture and vortexed for 1 min. Finally, 125 μl 

of sterile water was added and again vortexed for 1 min. After the extraction steps, 

the suspension was first centrifuged at 800g for 6 min and then at 1500g for 5 min 

at room temperature to separate the molecular phases. The lower phase including 

the lipids was carefully transferred through the protein phase into a new weighted 

tube and dried in a miVac DUO concentration (GeneVac). The dry lipid pellet was 

weighted, and the mass of the lipids was calculated. The samples were stored at -

20°C upon use. 

The dried L. monocytogenes lipid samples were hydrated before use with sterile 

water using heat-freeze cycles: 5–10 min at 37°C heat-block, 0.5–1 min of vortexing 

and freezing in liquid nitrogen for total of 5 times. After the last cycle, the suspension 

was put through a 30G needle several times to produce a homogenous suspension. 

The lipid samples were hydrated just before the use. 

3.7 Determination of mycobacterial counts from infected adult 
zebrafish (I and II) 

At desired timepoint, adult zebrafish were euthanized with an overdose of 3-

aminobenzoic acid ethyl ester (Sigma-Aldrich) (pH 7.0). The abdominal cavity was 
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opened with a surgical knife and all internal organs were detached and transferred 

into a homogenization tube. The tissue samples were quickly frozen on dry ice to 

prevent sample degradation. All instruments were rinsed in 70% ethanol between 

handling of individual fish. Nucleic acids were extracted from the sample with 

TRIreagent (Sigma-Aldrich). First, zebrafish tissue samples were homogenized in 1 

ml of TRIreagent using 6 ceramic beads (2.8 mm diameter) (Mobio, CA, USA) with 

FastPrep homogenizator (MP Biomedicals, CA, USA) at 6.5 m/s for 2 times 40 s. 

The samples were cooled with dry ice during the procedure. After the 

homogenization, samples were further sonicated in a water bath at room temperature 

for 9 min. The TRIreagent RNA–DNA co-extraction protocol was continued 

according to manufacturer’s orders (Sigma-Aldrich). Nucleic acids were dissolved in 

sterile water and the concentration of nucleic acids, and the purity of the samples 

were measured using NanoDrop (Thermo Fisher Scientific, NH, USA). 

Extracted DNA was used to determinate the M. marinum load of a zebrafish. To 

do this, no-ROX SensiFAST qPCR kit (Bioline, UK) was used according to 

manufacturer’s orders with M. marinum specific primers (MMITS1) that detect a 

sequence of M. marinum internal transcribed spacer (ITS) between 16S-23S genes. 

The primer sequences are found from the Table 2. The quantitative polymerase chain 

reaction (qPCR) program (Table 3) was run with a CFX96 thermal cycler (BioRad, 

CA, USA). The samples were measured as duplicates and a standard curve of a 

known amount of M. marinum was used to calculate the mycobacterial load in a fish.  

3.8 Gene expression analysis of zebrafish genes (II) 

RNA samples extracted with TRIreagent, as described above, were first treated with 

DNase I (Thermo Fisher Scientific, NH, USA) according to manufacturer’s orders 

to remove possible traces of genomic DNA from the sample. The RNA samples 

were then converted to cDNA by reverse transcriptase (Fluidigm, CA, USA) and the 

gene expressions were measured with SsoFast Eva Green (Bio-Rad, CA, USA) qPCR 

kit according to the manufacturer’s orders. qPCR was performed with a CFX96 

thermal cycler (BioRad, CA, USA) and the results were normalized against a 

housekeeping gene (loopern4) and analysed relative to a pooled RNA sample of 

healthy non-infected fish. The primer sequences are shown in the Table 2 and the 

used qPCR program in the Table 4.  
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Table 2.  Primers used in the study 

Gene Gene ID Sequences 

16S–23S ITS 

(MMITS1) 

Locus 

AB548718 

F: CACCACGAGAAACACTCCAA 

R: ACATCCCGAAACCAACAGAG 

loopern4  Expressed 

repetitive 

elements 

F: TGAGCTGAAACTTTACAGACACAT 

R: AGACTTTGGTGTCTCCAGAATG 

tnf ZDB-GENE-

050317-1 

F: GGGCAATCAACAAGATGGAAG 

R: GCAGCTGATGTGCAAAGACAC 

arg1 ZDB-GENE-

040724-181  

F: TGGGAATAATAGGCGCTCCGTTC 

R: TCCTTCACCACACAACCTTGC 

mpeg1 ZDB-GENE-

081105-5  

F: CTTCTGTTTCAGCATCAGCCG 

R: ATAAAGCTCCTCCGTGGCTC 

mpx ZDB-GENE-

030131-9460  

F: AACACTGAACTAGCCCGCAA 

R: CAACCTATCGCCATCTCGGA 

nos2b ZDB-GENE-

080916-1 

F: TCACCACAAAAGAGCTGGAATTCGG 

R: ACGCGCATCAAACAACTGCAAA 

ifnγ1-1 ZDB-GENE-

060210-1  

F: CCAGGATATTCACTCAGTCAAGGC 

R: TGTGGAGGCCCGATAATACACC 

ifnγ1-2 ZDB-GENE-

040629-1 

F: GGGCGATCAAGGAAAACGACCC 

R: TAGCCTGCCGTCTCTTGCGT 

sod2 ZDB-GENE-

030131-7742  

F: GGCCATAAAGCGTGACTTTG 

R: GCTGCAATCCTCAATCTTCC 

 

 

Table 3.  qPCR program for measuring M. marinum load in zebrafish. 

Step Time Temperature 

1. 3 min   95 °C 

2. 5 s 95 °C 

3. 10 s 65 °C 

4. 5 s 72 °C (fluorescence detection) 

5. Go to step 2. 39 times  

6. Melting curve analysis 55–95°C with 0.5°C intervals 

7. Forever 4 °C 
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Table 4.  qPCR program for measuring the gene expression from a zebrafish sample. 

Step Time Temperature 

1. 30 s   95 °C 

2. 12 s 95 °C 

3. 30 s Annealing T (fluorescence detection) 

4. Go to step 2. 38 times  

5. Melting curve analysis 65–95°C with 0.5°C intervals 

6. Forever 4 °C 

 

3.9 Oxygen consumption measurements of RAW cells (II) 

RAW264.7 (ATCC TIB-71) cells were used to measure changes in the oxygen 

consumption after priming with heat-killed L. monocytogenes. The cells were cultured 

in Dulbecco’s modified Eagle’s medium with 4.5 g/L D-glucose and L-glutamine 

(Gibco, NH, USA) supplemented with 10% of heat-inactivated fetal bovine serum 

(Gibco, NH, USA) and 100 U/ml of penicillin-streptomycin mixture (Thermo 

Fisher Scientific, NH, USA) at 37°C with 5% CO2. Heat-killed L. monocytogenes was 

added on cell in MOI of 530 and incubated for 19–24 hours. 50 ng/ml of LPS was 

used as a control. After incubation, the media was changed, and new priming agents 

were added. The cells were allowed to settle for a minimum of 30 min after which a 

Clark electrode (Hansatech, UK) was used to measure oxygen consumption at 37°C 

in the culture media. Background oxygen consumption was measured by blocking 

the respiratory chain complex III with 150–279 nM of antimycin (Sigma-Aldrich). 

The background value was subtracted to get the actual oxygen consumption of the 

mitochondrial respiration.  

3.10 Determination of minimum inhibitory concentration (MIC), 
and minimum bactericidal concentration (MBC) for 
Mycobacterium marinum biofilm (III) 

Bioluminescent M. marinum (ATCC 927) with pMV306hsp+LuxG13 plasmid was 

used in the antibiotic tolerance testing. Bioluminescent M. marinum was pre-cultured 

on Middlebrook 7H10 agar (Sigma-Aldrich) including 0.5% (vol/vol) glycerol 
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(Sigma-Aldrich) and 10% (vol/vol) OADC enrichment (BD). The cultures were kept 

at 29°C for 7 days and protected from light. For liquid cultures of M. marinum 

biofilm, bacterial mass was suspended in Middlebrook 7H9 medium (Sigma-Aldrich) 

supplemented with 10% (vol/vol) of ADC enrichment (BD) to the starting OD600 

of 0.1. Planktonic cultures were treated similarly to biofilm cultures, but the medium 

contained additional supplements of 0.2% (vol/vol) of glycerol (Sigma-Aldrich) and 

0.2% (vol/vol) of Tween80 (Sigma-Aldrich).  

M. marinum suspensions were divided on white 96-well plate (Perkin Elmer) 192 

µl per well in triplicates, sealed with parafilm and cultured at 29°C in the dark to 

different ages. 8 µl of sterile rifampicin solution (TOKU-E, WA, USA) in water at 

the desired concentration was added to the bacterial suspension and incubated at 

29°C. If DNase1 (Thermo Scientific), proteinase K (Thermo Scientific) or cellulase 

from Trichoderma sp. (Sigma-Aldrich) were used, the enzymes were diluted into 

7H9 medium and added on 4-day-old biofilm together with rifampicin. For this 

experiment, the final concentrations were 0.1 mg/ml DNase1, 1 µg/ml proteinase 

K, 10 mg/ml cellulase and 8 µg/ml rifampicin.  

To determine minimum inhibitory concentration (MIC), bioluminescence was 

measured with 2104 EnVision plate reader (Perkin Elmer) 3 times for 3 seconds 

(measurement height 6.5 mm) per well daily. For measuring minimum bactericidal 

concentration (MBC) for rifampicin, after 7 days of antibiotic treatment, 10 µl 

samples from the total volume of 200 µl were plated on Middlebrook 7H10 agar 

supplemented with 0.5% glycerol and OADC enrichment and cultured at 29°C in 

the dark up to 2 weeks. Mycobacterial counts under 100 cfu were considered 

negative, which refers to killing capacity of over 99.9%. 

3.11 Time-kill curve analysis for Mycobacterium marinum biofilm 
(III) 

The planktonic and biofilm M. marinum were cultured similarly except the addition 

of 0.2% (vol/vol) of glycerol and 0.2% (vol/vol) of Tween80 in the planktonic 

growth media as explained in section 4.10. Briefly, the starting bacterial amount in 

both liquid cultures was set to OD600 of 0.1 in 7H9 media. The bacterial suspensions 

were divided onto white 96-well plate (Perkin Elmer) 192 µl per well, sealed with 

parafilm, and let to grow to desired age at 29°C in the dark. 8 µl of rifampicin water 

solution (TOKU-E) in different concentrations was added into the bacterial liquid 

cultures and incubated for 7 days with daily bioluminescence measurement with 2104 
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EnVision plate reader (Perkin Elmer) 3 times for 3 seconds per well. Background 

signal from the wells containing only media were subtracted from the average result 

of the three technical and three biological repeats. The bioluminescence results were 

also normalized against the 0-day reading before the antibiotic has been added to 

show the reduction in a time-killing curve. 

To test the phenotypic tolerance of pellicle and submerged biofilms separately, 

bioluminescent M. marinum was pre-cultured in liquid culture tubes in a total volume 

of 5 ml of 7H9 media supplemented with 10% of ADC (BD) at the starting OD600-

value of 0.1. The caps of the tubes were sealed with parafilm. After 2 weeks of 

culturing, the pellicles and submerged biofilms were collected separately from the 

tubes by lifting the pellicle with a 1 µl inoculation loop and carefully pipetting into 

weighted tubes. Pellicle and submerged biofilms from different tubes were then 

pooled and diluted into spent 7H9 growth media according to their biomass. The 

suspensions were vortexed briefly and divided on white 96-well plate (Perkin Elmer) 

192 µl of M. marinum in spent media together with 8 µl of different concentration of 

sterile rifampicin water solution (TOKU-E) per well. Cultures were incubated for 7 

days at 29°C and the bioluminescence signal were measured daily with 2104 

EnVision plate reader (Perkin Elmer) 3 times for 3 seconds per well.  

 

3.12 Proteomic sample preparation of Mycobacterium marinum 
biofilm for mass spectrometry analysis (Manuscript) 

To find surface-exposed mycobacterial biofilm proteins, 5-week-old M. marinum 

biofilm was biotinylated. The biofilm was prepared as explained in the section 4.10. 

and both pellicle and submerged biofilms were used in the experiment. First the 

biofilm was collected by centrifugation and resuspended in BupH-PBS (Thermo 

Scientific). The biofilm ECM was briefly lysed in BupH-PBS with six ceramic beads 

using FastPrep homogenizator (MP Biomedicals, CA, USA) at 6.5 m/s for 2 times 

40 s to get more homogenous suspension.  

Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL) was used to biotinylate proteins on 

the surface of the intact M. marinum. 1 mg of sulfo-NHS-LC-biotin was added in 

BupH-PBS per 150 mg of M. marinum biofilm. The bacteria were biotin labeled for 

30 min at room temperature with gentle agitation and washed two times with BupH-

PBS with 10 mg/ml glycine following by two washes with BupH-PBS. Labeled but 

intact bacteria were resuspended in urea lysis buffer including 7 M urea, 150 mM 
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NaCl, 20 mM Na2HPO4, 0.05% (vol/vol) Tween-20 (Sigma-Aldrich) and 0.2% 

(w/v) CHAPS at pH 7.3. The bacteria were then disrupted by bead milling with 

PowerBead tubes with 100-µm glass beads (Qiagen, Germany). After the 

homogenization, the insoluble particles were removed by centrifugation and the 

supernatant was collected for protein purification. 

M. marinum biofilm cells that were lysed before the biotinylation step was used as 

a comparison. To expose both extracellular and intracellular proteins, the biofilm 

were homogenized in urea lysis buffer using FastPrep homogenizator (MP 

Biomedicals, CA, USA) at 6.5 m/s for 2 times 40 s with 100-µm glass beads with dry 

ice and sonicated for 10 min. The bacterial cells were further disrupted with 20 

mg/ml of lysozyme in BupH-PBS for 2h at 37°C and centrifugated to remove 

insoluble particles. The biotinylation of the lysed biofilms were performed as for the 

intact cells described above but after biotinylation, lysed biofilm samples were 

dialyzed with Slide-A-Lyzer cassette (3,500 MWCO) (Thermo Scientific) in BupH-

PBS with stirring at 4°C for first 1h and then over-night in fresh buffer. 

Biotinylated proteins from both intact and lysed biofilms were purified by affinity 

purification with streptavidin-coated magnetic beads (Dynabeads MyOne 

Streptavidin C1) (Invitrogen, MA, USA) in low-binding SafeSeal microcentrifuge 

tubes (BioScience, UT, USA). The biotinylated proteins were incubated with the 

streptavidin-coated magnetic beads for 30 min at 4°C. The samples were then 

washed three times using a magnetic stand with a buffer containing 1.75 M urea, 150 

mM NaCl, 20 mM Na2HPO4, 0.05% (vol/vol) Tween 20 and 0.05% (w/vol) CHAPS 

at pH 7.3. The washes were continued with two times a buffer containing 150 mM 

NaCl, 20 mM Na2HPO4 and 0.05% (vol/vol) Tween 20 (pH 7.2) and once with 50 

mM NH4HCO3 solution (pH 7.8). Before storing the protein samples by flash 

freezing, the pH was increased to 7.8 by adding NH₄HCO₃. The mass spectrometric 

analysis was performed by the Oslo proteomics core (Norway) by analyzing the 

trypsin digested peptides in a nanoElute nanoflow ultrahigh pressure liquid 

chromatography (Bruker Daltonics) together with a timsTOF fleX mass 

spectrometer (Bruker Daltonics). 
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3.13 Confocal imaging of Mycobacterium marinum and 
Mycobacterium tuberculosis biofilm-targeted sybodies in 
vitro (Manuscript) 

According to the proteomics data, GroEL1 and GroEL2 were found to be among 

the most abundant proteins in M. marinum biofilm that also have orthologues in Mtb. 

These proteins also have known protein sequences and structures making them 

possible to produce in E. coli for sybody screening. Sybodies against GroEL1 and 

GroEL2 were screened and produced in EMBL PEPCORE (Heidelberg, Germany) 

(Zimmermann et al. 2020; 2018).  Details of the proteomic analysis and sybody 

production can be found in the manuscript. To test the binding of these GroEL1- 

and GroEL2-targeted sybodies, 2-week-old M. marinum biofilm was cultured as 

described in the section 4.10. Avirulent Mtb biofilm was cultured similarly but the 

pre-culturing on 7H10 agar plates lasted three weeks and the culturing temperature 

was 37°C. The biofilms were collected by briefly spinning the bacterial suspension 

and 7H9 medium was removed by washing the bacterial mass three times with PBS. 

The intact biofilm was then blocked by 2% BSA (bovine serum albumin) (Sigma-

Aldrich) in PBS at room temperature for 30–60 min. The BSA solution was removed 

by a brief spinning and 1 μM sybody in 0.1% BSA-PBS was added. The sybodies 

were incubated with the biofilms at room temperature for 1.5 h, after which the 

biofilms were washed twice with 2% BSA-PBS.  

The biofilm-bound sybodies were labelled with 5 μg/ml of Myc Tag Monoclonal 

Antibody (Myc.A7), DyLight 488 (Invitrogen) at 4° for 0.5–1 h. The excess antibody 

was washed twice with PBS and once with distilled water. To visualize the bacterial 

cells of wildtype M. marinum and avirulent Mtb, ProLong Diamond Antifade Mount 

with DAPI (Invitrogen) was used. The confocal imaging was done using Nikon 

A1R+ and 60x oil immersion objective at the Tampere University imaging core. Fiji-

ImageJ (64bit) (NIH, USA) were used to analyze the images.  

3.14 Confocal imaging of ex vivo zebrafish granulomas with 
biofilm-targeted sybodies (Manuscript) 

Adult zebrafish were infected with tdTomato (pTEC27) fluorescent M. marinum 

strain as described in the section 4.3. At 8 wpi, the fish were euthanized with an 

overdose of 3-aminobenzoic acid ethyl ester (Sigma-Aldrich) (pH 7.0). The 

abdominal cavity was opened, and the granulomas were carefully collected under a 
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stereomicroscope with tweezer using Nightsea lamp with green color and 600 nm 

filter (Electron Microscopy Sciences). Granulomas were stored at -80°C for later use. 

To produce a small molecular weight sybody with fluorescence signal that could 

enter the granulomas, the sybodies against GroEL1 and GroEL2 were labelled with 

Alexa Fluor 488 carboxylix acid, succinimidyl ester (Invitrogen). The stain was 

dissolved in DMSO (Sigma-Aldrich) and incubated with the sybody in a double 

molar excess of the dye in PBS with gentle agitation covered from light at room-

temperature for 1 hour. 10 mg/ml glycine were added to stop the esterification 

reaction of the dye and incubated at room-temperature for 10 min. The labelled 

sybodies were then dialyzed in PBS 1h and overnight at 4 °C to get rid of the 

unbound fluorescence dye.  

Prior to the sybody staining, the granulomas were blocked in 2% BSA in PBS at 

room-temperature for 2 hours. The granulomas were then briefly spinned, the 

blocking solution removed, and the granulomas were incubated in 6 μM solution of 

fluorescence labelled sybody covered from light at 4°C for four days. After the 

staining, the granulomas were washed twice with PBS and once with distilled water. 

The granulomas were mounted with ProLong Diamond Antifade Mount with DAPI 

(Invitrogen) and imaged with Nikon A1R+ confocal microscopy and 60x oil 

immersion objective at the Tampere University imaging core. Fiji-ImageJ (64bit) 

(NIH, USA) was used to analyze the images.  

3.15 Statistical comparisons (I-III and manuscript) 

Statistical analyses were performed using Microsoft Excel, IBM SPSS Statistics and 

GraphPad Prism. The mycobacterial loads and the gene expression were compared 

between the experimental groups with unpaired two-tailed Mann-Whitney test 

followed by Bonferroni’s correction when needed. Fisher’s test was used to compare 

qualitative results of the experimental groups. In survival experiments of either 

zebrafish or M. marinum in vitro, Log-rank (Mantel-Cox) test was used to evaluate 

differences between the treatments. Unpaired two-tailed Mann Whitney U-test was 

used to compare maximum intensity projections of the fluorescence microscope 

images between control samples and sybody-stained samples to calculate the effect 

of autofluorescence and unspecific background staining. P-values of under 0.05 was 

considered significant. 
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4 SUMMARY OF THE RESULTS 

4.1 Spectrum of the disease outcomes of the Mycobacterium 
marinum infected adult zebrafish (I) 

As an ethical TB model, zebrafish, and its natural pathogen Mycobacterium marinum 

were chosen for studying mycobacterial immune evasion strategies. Adult zebrafish 

has both innate and adaptive immune system, and it has been reported to develop 

chronic mycobacterial infection with granulomas (Parikka et al., 2012).   

A group of adult zebrafish were infected by an intraperitoneal injection with a 

low dose of M. marinum to study the natural heterogeneity of the mycobacterial 

infection. The results show that M. marinum infection spontaneously causes many 

disease outcomes in the zebrafish population (Figure 1). A small subpopulation (7%) 

is unable to limit the bacterial growth eventually dying of the mycobacterial infection 

before 8 wpi (weeks post infection). These individuals are called primary progressive. 

Majority of the population (65%) develops latent disease and is still alive showing no 

symptoms during the 32-week-long experiment. 18% of the population reactivate 

the latent disease and have symptoms of the infection after 8 wpi. 10% of the total 

population survive the whole 32 weeks of infection but unlike fish that have latent 

disease, these individuals do not have detectable amounts of mycobacteria.  

 

Table 5.  The detection limit of M. marinum qPCR tested in adult zebrafish homogenate 

Added CFU in fish 
homogenate 

M. marinum positive fish in qPCR 
(positive/total amount of samples) 

2000 2/2 

500 4/4 

100 2/3 

 

 

To evaluate the sensitivity of the methodology in measuring mycobacterial loads, the 

detection limit of M. marinum -specific qPCR was determined. A known number of 

bacteria was added into fish samples before homogenization and DNA extraction. 
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By calculating the loss of the sample from fish homogenate to qPCR reaction, the 

detection limit was estimated to be 100 cfu. The same limit was observed in the 

spiking experiment where two fish samples out of three were M. marinum positive 

when 100 cfu was added into the sample (Table 5).    

 

 

Figure 1.  The proportions of different disease outcomes in the adult zebrafish population infected with 
a small dose of M. marinum. The population were divided into primary progressive (7%), 
reactivated (18%), latent (65%) and cleared (10%) individuals. Primary progressive 
individuals died between 0–8 wpi and reactivated between 8–32 wpi. The individuals that 
had stable latent disease were alive after 32 wpi and had detectable bacterial loads 
measured with qPCR. Cleared individuals were alive after 32 wpi but did not have detectable 
mycobacteria. The infection dose was 34±15 cfu. Modified from original publication I.  

4.2 Protective immunity induced by heat-killed Listeria 
monocytogenes (II) 

 

Knowing that mycobacteria have many immune evasion mechanisms, different 

immunomodulators such as known TLR ligands and heat-killed bacteria were tested 

to examine what kind of immune activation is needed in order to induce better 

control over the infection. In the screen, heat-killed Listeria monocytogenes (HKLm) 

was shown to reduce mycobacterial loads in adult zebrafish (Original Publication II). 

Exposing fish to HKLm 1 day prior to M. marinum infection reduced the 

mycobacterial loads significantly after 4 weeks of infection compared to PBS primed 

group (P=0.0013). The outline of the experimental setup is shown in the Figure 2. 
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It was tested that priming with HKLm 1 day prior the infection was more effective 

compared to mock injection than priming 1 week (publication II). Some individuals 

were able to control the infection below the detection limit and they did not show 

detectable mycobacteria at 4 wpi (Figure 3AB). In these experiments, around 4–10% 

of the population can naturally control the infection in a low dose M. marinum 

infection of 20–50 cfu without an immunomodulation. This proportion can be 

increased up to 25% by priming with HKLm.  

Rag1-/- mutant fish were used to determine the role of adaptive responses in the 

HKLm-induced clearance. Rag1-/- mutants do not have functional adaptive immune 

cells, but the protective response induced by HKLm is also seen in these mutant fish 

implicating that the protective immune response is driven via innate mechanisms. 

17% of the rag1-/- mutant fish primed with HKLm sterilized the infection in a pooled 

result of four independent experiment whereas all individuals from the mock 

injected rag1-/- mutant group still had detectable M. marinum at 4 wpi (Figure 3CD). 

The protective HKLm priming did not, however, work in zebrafish larvae; neither 

priming one day prior the infection or co-injection of HKLm and M. marinum did 

not protect against the infection (Figure 4), which might be due to still maturing 

immune system of the larvae or technical differences of the injections between larvae 

and adult fish.  

 

 

 

Figure 2.  Outline of the zebrafish priming experiments. Adult zebrafish were primed with heat-killed 
L. monocytogenes (HKLm) one day before infecting with 20-50 cfu of M. marinum. The 
HKLm dose corresponds to 0.5x107-1x107 cfu of live bacteria per fish. The mycobacterial 
loads were measured at 4 weeks after infection with qPCR. Modified from original 
publication II. 
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Figure 3.  Heat-killed L. monocytogenes (HKLm) priming reduces the mycobacterial loads and induces 
clearance both in wildtype and rag1-/- mutant zebrafish. A) Adult wildtype (AB) zebrafish 
were primed with HKLm (0.5×107 cfu) 1 day prior the infection (27±2 cfu) and the 
mycobacterial loads were measured at 4 wpi by qPCR (PBS: n=19, HKLm: n=19). The 
bacterial loads were significantly lower in HKLm primed fish (P=0.0013). Two-tailed Mann-
Whitney test and Bonferroni correction was used to evaluate the significance of the results. 
Medians are shown in the figure. B) HKLm priming induces sterilizing response in 25% of 
the population compared to mock injection of sterile 1xPBS (clearance in 3.7%), P=0.0021. 
The result consists of four independent experiments with infection doses of 27±2 cfu, 26±13 
cfu, 75±13 cfu and 26±8 cfu. (PBS: n=54, HKLm: n=56). Fisher’s test was used evaluate 
the significance of the results. C) Rag1 -/- mutant zebrafish show reduction in the 
mycobacterial loads at 4 wpi when primed with HKLm 1 day prior the infection. The result 
consists of two independent experiments with infection doses of 48±8 cfu and 27±2 cfu 
(PBS: n=26, HKLm: n=23). Two-tailed Mann-Whitney test and Bonferroni correction was 
used to evaluate the significance of the results. Medians are shown in the figure. D) 17% of 
the rag1 -/- mutant zebrafish is able to sterilize M. marinum infection when primed with HKLm 
1 day prior the infection compared to PBS injected group (P=0.0418). There were no 
sterilized individuals in the control group that was injected with sterile 1xPBS. The result 
consists of two independent experiments (infection doses 48±8 cfu and 27±2 cfu) (PBS: 
n=26, HKLm: n=23). Fisher’s test was used evaluate the significance of the results. 
PBS=phosphate-buffered saline, HKLm=heat-killed Listeria monocytogenes, WT=wild-type, 
wpi=weeks post infection, Mm=Mycobacterium marinum, Rag1=recombination-activating 
gene 1. Modified from original publication II. 
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Figure 4.  The heat-killed L. monocytogenes (HKLm) priming does not reduce the M. marinum loads 
in zebrafish larva. A) Zebrafish larvae were primed with HKLm corresponding to 240 cfu at 
1 dpf and infected with 39±13 cfu of M. marinum at 2 dpf. The bacterial loads were 
measured with qPCR (PBS: n=10, HKLm: n=11). B) Co-injecting with 490 cfu of HKLm 
and with 39±16 cfu of M. marinum at 2 dpf did not reduce the bacterial loads. The 
bacterial loads were measured with EnVision plate reader from embedded larvae (PBS: 
n=13, HKLm: n=17). Two-tailed Mann-Whitney test and Bonferroni correction was used to 
evaluate the significance of the results. Medians are shown in the figure. PBS=phosphate-
buffered saline, HKLm=heat-killed Listeria monocytogenes, dpf=days post fertilization, 
RLU=relative light unit. Modified from original publication II. 

4.3 Priming effect of heat-killed Listeria monocytogenes 
components (II) 

The protective effect of HKLm priming was induced when the heat-killed bacterial 

suspension included all bacterial biomolecules and the growth medium. To find the 

component of L. monocytogenes that generates the protective immune response against 

mycobacterial infection, soluble molecules secreted by listeria into the medium were 

first separated from the insoluble bacterial mass and tested as a priming agent in 

zebrafish. The secreted molecules from the growth medium did not induce 

protection and hence the protective component must be part of the bacteria (Figure 

5A). 

Knowing that the protective component is found in listeria itself, the washed and 

heat-killed bacteria mass was centrifuged with high-speed to separate soluble and 

insoluble phases of listeria biomolecules. Both phases were tested as 

immunomodulators in adult zebrafish, and it was concluded that the protection is 

mediated via insoluble molecules of listeria (P=0.0138, Figure 5B).  
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Figure 5.  The protective component of the heat-killed L. monocytogenes (HKLm) suspension is 
either a nucleic acid or a protein or a combination of these. A) Growth medium that 
included molecules secreted by L. monocytogenes, did not influence the mycobacterial 
loads at 4 wpi when primed 1 day before infection. P=0.1005 (infection dose 26±6 cfu) 
(PBS: n=10, Medium of HKLm: n=16). B) The protective component of HKLm is in the 
insoluble phase after heat-killing (infection dose 33±11 cfu) (PBS: n=10, insoluble n=12, 
soluble: n=12). C) Treating HKLm either with nucleases or protease abolished the 
protective effect (infection dose: 33±11 cfu) (PBS: n=10, DNase and RNase: n=7, 
proteinase K: n=8). D) Extracted L. monocytogenes lipids do not induce protective 
responses in adult zebrafish when primed 1 day prior the M. marinum infection (12±4 cfu) 
(PBS: n=6, Lipid: n=13). 11 µg of extracted lipids were injected per fish corresponding to 
5x109 cfu of L. monocytogenes. For all experiments, adult wildtype zebrafish were primed 
at 1 day before infection and the samples were collected at 4 wpi. Two-tailed Mann-
Whitney test and Bonferroni correction was used to evaluate the significance of the 
results. Medians are shown in the figure. PBS=phosphate-buffered saline, HKLm=heat-
killed Listeria monocytogenes. Modified from original publication II. 
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As the protection was given by the insoluble phase of the heat-killed bacterial lysate, 

and traditional biomolecule separation methods do not have a good resolution for 

aggregated molecules, an enzymatic approach was used to selectively eliminate 

certain biomolecules from the listeria lysate including also secreted molecules and 

the removal of either nucleic acids or proteins was tested. It seemed that treating 

HKLm with both DNase and RNase or proteinase K erases the protective effect 

(Figure 5C). The immunomodulatory effect of lipids was tested in a separate 

experiment where the lipids were extracted from HKLm and injected into adult 

zebrafish prior to the M. marinum infection. Lipids of HKLm showed no protection 

against mycobacterial infection (P=0.1242) (Figure 5D). These results suggest that 

the component of HKLm protecting against mycobacterial infection is either a 

nucleic acid or a protein or a combination of those. 

 

4.4 Immune responses relating to protective response against 
Mycobacterium marinum (II) 

A panel of genes was analysed to evaluate their expressions in HKLm-primed fish. 

RNA samples were collected one day after the M. marinum infection of HKLm or 

PBS injected fish and analyzed using qPCR method. A neutrophil marker myeloid-

specific peroxidase (mpx), M2-polarized macrophage marker arginase 1 (arg1), and 

interferon-γ (ifn) 1-1 and 1-2 did not differ between the treatments (Figure 6). Gene 

expression levels of a macrophage marker macrophage-expressed gene 1 (mpeg1) 

(P=0.0352), pro-inflammatory cytokine tumor necrosis factor (tnf) (P=0.0043), 

antimicrobial nitric oxide synthase 2b (nos2b) (P=0.0001) and mitochondrial superoxide 

dismutase 2 (sod2) (P=0.0022) controlling the levels of toxic ROS (reactive oxygen 

species) (Peterman et al., 2015) were all differentially expressed in HKLm primed 

fish compared to mock injection.  

The nature of the immune response seen after HKLm priming was further 

examined by measuring the oxygen consumption of RAW264.7 macrophages in vitro. 

It is known that the differentially polarized macrophages have distinct metabolic 

status, and pro-inflammatory (M1) macrophages use glycolysis as their major energy 

source, whereas alternatively activated (M2) macrophages rely on oxidative 

phosphorylation (Viola et al., 2019). In this experiment, macrophages activated with 

either LPS or HKLm showed significantly lower oxygen consumption compared to 

nontreated cells (Figure 6I), which implies a polarization towards M1 type 
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macrophages after HKLm priming. In summary, these findings indicate that HKLm 

increases the number of macrophages and enhances the pro-inflammatory 

responses. 

 

 

 
 

Figure 6.  The heat-killed L. monocytogenes (HKLm) priming altered the gene expression of mpeg1, 
tnf, nos2b and sod2, and reduced the oxygen consumption of HKLm treated RAW264.7 
cells. The expression of mpeg1, tnf and nos2b were upregulated, sod2 was downregulated 
and the expression of mpx, ifng1-1 and ifng1-2 were not affected by the HKLm priming (A–
H). The zebrafish were primed with HKLm 1 day before infection, infected with 67±16 cfu 
of M. marinum and the RNA was collected one day after the infection (PBS: n=10, HKLm: 
n=11). I) The oxygen consumption of RAW264.7 macrophages was significantly reduced 
after 19–24 hours activation with 50 ng/ml LPS or HKLm corresponding to MOI of 530. 
The panel I represents a pooled result of three independent experiment. Two-tailed Mann-
Whitney test was used to evaluate the significance of the results with Bonferroni correction 
when needed. Medians for all groups are shown. PBS=phosphate-buffered saline, 
HKLm=heat-killed Listeria monocytogenes, LPS=lipopolysaccharide, ctrl=control. Modified 
from original publication II  

Oxygen consumption 
after activation 
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4.5 HKLm does not protect against established mycobacterial 
infection (II) 

The timing of the immune system activation in the M. marinum infection is crucial 

for inducing protection. As shown above, HKLm treatment can significantly 

(P=0.0013) reduce M. marinum loads at 4 wpi compared to the mock injection and 

induces sterilizing response in 25% of the population when injected one day prior to 

the infection (Figure 3). If the HKLm injection is given 2 weeks after the M. marinum 

infection (22±6 cfu) and mycobacterial counts are measured at 4 wpi, the HKLm 

treatment does not induce protection (Figure 7A). Similarly, HKLm priming does 

not have an effect on the bacterial burdens at 4 wpi if the M. marinum infection dose 

is as high as 4883±919 cfu (Figure 7B). However, the fish primed with HKLm 

showed significantly better survival (P=0.0245) even in a high dose infection 

(4883±919 cfu) that was approximately 10-times higher than the experimental low 

dose (20-50 cfu) used in the majority of the experiments (Figure 7C).  

 

 

 

 

Figure 7.  Protective immune responses cannot be induced with heat-killed L. monocytogenes 
(HKLm) in established M. marinum infection or in high-dose M. marinum infection. A) 
HKLm injection does not have an effect in established infection (22±6 cfu) (P=0.2704, two-
tailed Mann-Whitney test). The HKLm injection was given 2 weeks after the M. marinum 
infection, and the DNA samples were collected at 4 wpi. (PBS:n=14, HKLm: n=16). B) 
HKLm priming one day before infecting the fish does not affect the M. marinum burden at 
4 wpi if the M. marinum infection dose is high (4883±919 cfu) (P=0.9856, two-tailed Mann-
Whitney test) (PBS:n=16, HKLm: n=17). C) HKLm priming 1 day prior to the infection 
significantly affects the survival in high dose M. marinum infection (4883±919 cfu) 
(P=0.0245, Log-Rank (Mantel-Cox) test) (PBS: n=30, HKLm: n=30). PBS=phosphate-
buffered saline, HKLm=heat-killed Listeria monocytogenes. Modified from original 
publication II 
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4.6 Mycobacterium marinum naturally produces biofilms in vitro 
showing high antimicrobial tolerance (III) 

M. marinum forms biofilms in a liquid culture without an external trigger. The biofilm 

formation starts early, and a visible submerged biofilm is detectable on the bottom 

of the tubes in couple of days. After around one week of culturing, the pellicle starts 

to form in the air–liquid interphase as a thin plastic-like layer or few bigger islands. 

Slowly both biofilm types grow thicker and increase their biomass (Figure 8).  

The role of the biofilm formation in the antimicrobial tolerance was tested by 

determining minimum inhibitory concentration (MIC) for rifampicin by utilizing 

bioluminescent M. marinum that was pre-cultured to different ages. Different 

concentrations of rifampicin were added on the biofilm and the bioluminescence 

signal was measured up to 7 days. By comparing the bioluminescence signal to the 

starting value, it was concluded that MIC itself does not change with biofilm age 

(Figure 9). However, even when the bioluminescence signal drops dramatically after 

treating with high concentrations of rifampicin for 7 days, a persistent bacterial 

subpopulation remains in the solution. This population is viable and able to re-grow 

on an agar plate after removing the antimicrobial.  

The proportion of persistent cells in the bacterial population increases during 

biofilm maturation, which is seen as an increasement of minimum bactericidal 

concentration (MBC) from 2 days to 1 week (Figure 10A). The biofilm was first 

cultured in suspension to certain ages and treated with different concentrations of 

rifampicin for 7 days. After the treatment, samples of the bacterial suspension were 

plated on agar plate and colonies were allowed to grow for two weeks to let them 

recover from the antimicrobial treatment. Planktonic and biofilm M. marinum behave 

differently in the MBC testing and already 2-day-old cultures showed remarkable 

difference; biofilm has 63 times higher MBC than the planktonic cultures (400 vs. 

6.3 μg/ml of rifampicin) (Figure 10A). Planktonic cells were cultured with Tween80 

which is a commonly used detergent in culture media to prevent aggregation of the 

bacteria. It inhibits the formation of the mycobacterial capsule (Sani et al., 2010) and 

alters the cell metabolisms (Pietersen et al., 2020). In addition to M. marinum biofilm, 

planktonic culture also increased its tolerance against rifampicin in two weeks 

indicating that it might have the ability to produce loosely-formed extracellular 

matrix and bacterial communities even in the presence of Tween80. In the following 

experiments, only 2-day-old planktonic culture was used as a control. 
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Figure 8.  M. marinum liquid biofilm cultures show maturing pellicle and submerged biofilms. 5 ml of 
M. marinum culture from the starting OD600 of 0.1 was followed for total of 6 weeks in a 
sealed tube. The bacteria were cultured in 7H9 medium with 10% of ADC enrichment at 
29°C in the dark without shaking. 

 

 

 

Figure 9.  MIC (minimum inhibitory concentration) for rifampicin does not change during the biofilm 
maturation. A) A representative result of the bioluminescence signal of rifampicin-treated 
M. marinum biofilm (2-day-old) in relative to the starting bioluminescence value. Each 
concentration includes three biological replicates. Average and SEM of the signal are 
shown. B) MIC of different aged M. marinum biofilms for rifampicin remains the same over 
time. The MIC was identified between the shown range by measuring bioluminescence 
from three biological replicates. 
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Figure 10.  Minimum bactericidal concentration (MBC) is higher with M. marinum biofilm than with 
planktonic bacteria, or CelA1 overexpression strain, and it increases when biofilm 
matures. A) A comparison of antimicrobial tolerance of wildtype M. marinum including 
PTEC27 tdTomato fluorescence plasmid and B) cellulase (CelA1) overexpression strain in 
a PTEC27 vector. Lowering antimicrobial tolerance is associated with cellulose 
degradation. The culturing was started from OD600 of 0.1 at day 0 for both planktonic and 
biofilm. The bacterial amount per well was normalized to starting bioluminescence value at 
the time of adding rifampicin and samples of the bacterial suspension was plated on 7H10 
agar plate after 7 days of rifampicin treatment. Negative growth was determined by cfu 
count of under 100 which refers to over 99.9% killing capacity. Samples were prepared in 
triplicates. Modified from original publication III 

4.7 Increased minimum bactericidal concentration (MBC) of 
mycobacterial biofilm is due to phenotypic tolerance 

Long antimicrobial treatments are prone to promote the development of genetic 

resistance, and the possibility of genetic changes accounting for the enhanced 

antimicrobial tolerance seen in biofilm cultures was tested. The development of 

genetic antimicrobial resistance in M. marinum biofilm cultures was evaluated in liquid 

cultures with repeated rifampicin treatments using a bioluminescent M. marinum 

strain. At the first step, over 90% of the bacterial population was killed, mostly 

including actively dividing bacteria. After treating the cells with high concentrations 

A. Planktonic Biofilm
Wiltype Wildtype

RIF, μg/ml 2d 4d 1wk 2wk RIF, μg/ml 2d 4d 1wk 2wk

400 - - - - 400 - + + +

100 - - - + 100 + + + +

25 - - + + 25 + + + +

6.3 - - + + 6.3 + + + +

1.6 + + + + 1.6 + + + +

UNT + + + + UNT + + + +

B. Planktonic Biofilm
CelA1 CelA1

RIF, μg/ml 2d 4d 1wk 2wk RIF, μg/ml 2d 4d 1wk 2wk

400 - - - - 400 - - + +

100 - - - - 100 - + + +

25 - - - + 25 + + + +

6.3 - - + + 6.3 + + + +

1.6 + + + + 1.6 + + + +

UNT + + + + UNT + + + +
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of rifampicin, the antimicrobial was removed and the cells washed, and the bacteria 

were let to regrow in a fresh media. Second rifampicin challenge was introduced, and 

similar killing kinetics was observed as with the first challenge. The tolerance against 

rifampicin was not enhanced after the first rifampicin treatment indicating 

phenotypic tolerance rather than genetic resistance in the remaining population 

(Figure 11).  

 

 

 

Figure 11.  Rifampicin treatment does not increase the genetic resistance of M. marinum biofilm. A 
similar killing kinetics was observed after the 1st and the 2nd exposure of 800 and 400 
μg/ml of rifampicin by measuring bioluminescence signal. Average and SEM of 12 
replicates are shown in the figure. 

 

Knowing that the tolerance in M. marinum biofilm is due to phenotypic changes, 

degrading the biofilm extracellular matrix was tested as an adjunctive treatment. 

Proteinase K, DNase1 and cellulase were added on a 4-day-old M. marinum biofilm 

or 2-day-old planktonic culture with or without 8 μg/ml of rifampicin. Figure 12 

shows how the bioluminescence signal increased or reduced at day 6 compared to 

day 0 due to different treatments. The enzyme treatments alone had only a small 

effect on the planktonic bacteria but especially cellulase reduced the bioluminescence 

signal of the biofilm culture to similar level than 8 μg/ml of rifampicin. Planktonic  
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Figure 12.  Treating developing biofilm with ECM-degrading enzymes potentiates the effect of 
rifampicin. 4-day-old biofilms or 2-day-old planktonic M. marinum in the logarithmic growth 
phase were treated with either 10 mg/ml cellulase, 0.15 mg/ml DNase1 or 1 μg/ml 
Proteinase K with or without 8 μg/ml of rifampicin. The viability of M. marinum was 
evaluated at day 6 by measuring the endpoint bioluminescence and normalized to the 
starting luminescence signal on day 0. A. Mean + SEM luminescence values of two 
biological replicates for enzyme treated samples and six replicates for rifampicin only and 
untreated groups at day 6. The dashed line represents the comparison point at day 0. B. 
Relative reduction or increasement of the bioluminescence values at day 6 compared to 
day 0. “RIF” refers to M. marinum cultures treated only with 8 μg/ml of rifampicin, “ENZ” to 
cultures treated only with a degrading enzyme and “RIF+ENZ” shows the effect of 8 μg/ml 
rifampicin and a degrading enzyme together. If the bioluminescence signal drops below 
the detection limit, the result is marked “n/a”. 
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M. marinum cultures were so susceptible to rifampicin that the measured 

bioluminescence signals were under the detection limit after 6 days of treatment, 

which prevented further analysis of the role of degrading enzymes in the co-

treatment group for planktonic M. marinum. 

In biofilm groups, all adjunctive enzyme treatments with rifampicin reduced the 

bioluminescence signal several times more compared to rifampicin only or enzyme 

only treatments, cellulase showing the greatest effect by reducing the 

bioluminescence signal by over 100x compared to 0 day (Figure 12B). The effect of 

cellulase in degrading extracellular matrix was further examined with a M. marinum 

strain overexpressing mycobacterial cellulase (celA1). The results showed in line with 

the enzyme testing experiments that the overexpression strain was more susceptible 

to rifampicin than the wildtype M. marinum (Figure 10B).      

4.8 Time-kill curve analysis for testing antimicrobials on 
Mycobacterium marinum biofilm (III) 

Susceptible bacterial population has phenotypically different subpopulations that 

react to antimicrobials differently – some being more susceptible and some more 

tolerant against antimicrobials. Persisters are a subpopulation of bacterial cells that 

is able to tolerate antimicrobials for a prolonged time (Brauner et al., 2016). These 

persister are likely to be important in biofilms. The presence of persisters can be 

visualized as a biphasic killing curve where susceptible bacteria die quickly and 

persisters require a longer treatment time to be eradicated. If the whole bacterial 

population was phenotypically tolerant, the killing curve would not be biphasic.  

As a quick bioluminescence-based method, time-kill curve analysis was 

established for measuring the killing of the M. marinum persisters in biofilms. The 

outline of the experiment is shown in the Figure 13. First, 1-week-old biofilm was 

treated with rifampicin concentrations ranging from 50 μg/ml to 800 μg/ml. The 

changes in the proportion of persistent cells in the mycobacterial population were 

studied by determining time-killing curve by measuring bioluminescence relative to 

the starting value. The figure 14A shows similar killing kinetics for the biofilms 

treated with 400 or 800 μg/ml of rifampicin suggesting that the killing time has been 

saturated and further increasing of the antimicrobial concentration does not speed 

up the killing. At these high concentrations (over 64 x MIC, minimum inhibitory 

concentration), the killing curves show biphasic nature revealing the presence of 

persister cells in the M. marinum biofilm; the most sensitive actively growing 
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mycobacteria died quickly and the persisters survived longer, which forms a biphasic 

killing curve of steep beginning continuing with a gentler slope. 400 μg/ml of 

rifampicin was chosen for the following experiments. As a control, the 

bioluminescence signal from untreated M. marinum biofilm was measured over time, 

which showed that at one week the biofilm is still growing and metabolically active 

(Figure 14B).    

 

 

Figure 13.  Outline of the time-kill curve analysis methodology to measure killing kinetics of 
bioluminescent M. marinum. 

 

 

 

Figure 14.  Metabolically active M. marinum biofilm reached a saturated rifampicin concentration at 
400 μg/ml. A) Time-kill curve of 1-week-old M. marinum biofilm treated with 50–800 μg/ml 
of rifampicin. B) Untreated biofilm shows increasing bioluminescence signal over time. 
Mean and SEM are shown in the figures. Modified from original publication III. 
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Figure 15.  Maturing M. marinum biofilm shows increasing amount of persister bacteria for both 
pellicle and submerged biofilm subtypes. A) Time-kill curves of biofilm of different ages 
and 2-day-old planktonic M. marinum. Log-Rank test P=0.0002 (plankt. vs 1wk biofilm). B) 
2-week-old pellicle vs submerged biofilm show no difference in the antimicrobial 
persistence (P=0.51, Log-Rank test). Mean and SEM of three biological replicates are 
shown in the figures. Modified from original publication III. 

 

Next, the maturation of the phenotypic antimicrobial persistence of M. marinum was 

tested on biofilm cultures of different ages. This was done by measuring 

bioluminescence signal over time by comparing 2-day-old planktonic liquid culture 

in the logarithmic phase to different aged biofilm cultures. The only difference in the 

growth conditions between planktonic and biofilm was the addition of Tween80 and 

glycerol in the planktonic culture media. Aging M. marinum biofilm showed 

increasing antimicrobial resistance (P=0.0002) from 7 days onward compared to 2-

day-old planktonic (Figure 15A). By combining the results of five independent 

experiments, it can be concluded that 11±3% of the 1-week-old M. marinum biofilm 

population consist of persisters that show slower killing kinetics after one day of 

rifampicin treatment.  

The submerged biofilm in a steady liquid in vitro M. marinum culture is the first 

biofilm subtype that appears at the bottom of the culture, but a visible pellicle starts 

to form in the air-liquid interface around one week of culturing. To test whether one 

of these biofilm forms is more tolerant against drugs, 2-week-old pellicle and 

submerged biofilms were separated and their sensitivity against rifampicin was tested 

using time-kill curve analysis. The results showed no differences between pellicle and 

submerged biofilm in the drug susceptibility (Figure 15B). In conclusion, the results 

indicate that 1-week-old M. marinum biofilm is more tolerant against rifampicin than 

planktonic bacteria growing in the logarithmic growth phase. The phenotypic 



 

83 

antimicrobial tolerance increases over time and is characterized by an increased 

proportion of persister cells in both pellicle and submerged biofilms. 

4.9 Mycobacterial biofilm targeted by sybodies (Manuscript) 

In the proteomics data, where extracellular and intracellular proteins of M. marinum 

biofilm were compared, it was concluded that GroEL1 and GroEL2 could be 

potential targets of mycobacterial biofilms as they were among the 10 proteins giving 

the highest intensities in mass spectrometry analysis, the protein structures were 

known, and they were also present in Mtb. Hence, it was set out to produce synthetic 

nanobodies, sybodies, against these proteins (Manuscript). 

Using confocal imaging and fluorescent labelled antibody against the Myc-tag of 

the sybodies, the binding to GroEL1 and GroEL2 in the biofilm of both M. marinum 

and Mtb was evident (Figure 16). In the experiment, samples treated only with 

antibodies against the Myc without the sybodies were used as a control. The 

difference of the maximum intensity projections of the green fluorescence signals 

between the controls and the samples stained with sybodies was statistically 

significant (P<0.001) proving binding of the sybody to mycobacterial biofilm.  

Both Mtb and M. marinum in vitro biofilms can be found in many shapes and they 

resemble each other by the physical appearance. At the two-week timepoint, they 

both showed cord-like structures and they had produced excessive amounts of 

extracellular matrix (green) where the mycobacterial cells (blue) are embedded 

(Figure 16). However, the cords in the avirulent Mtb biofilm were much shorter than 

in M. marinum and Mtb seemed to have a tendency to form larger and more compact 

structures with less organized orientation.  

Two different staining protocols of the sybodies were used. In the Figure 16, in 

vitro biofilm samples were treated first with GroEL-sybodies and thereafter stained 

with anti-Myc Alexa488 antibody. In the Figure 16 A&B, GroEL-sybodies were first 

labelled by the Alexa488-fluorophore with the covalent NHS-linkage and then used 

to target the in vitro biofilms. As the M. marinum biofilms were the same age, the only 

difference between the Figures 16E&F and 17A&B was the sybody staining protocol 

and it can be concluded that pre-labelled GroEL-sybodies give higher green 

fluorescence signal in the confocal imaging. 

For the granuloma samples, the adult zebrafish were infected with tomato-

fluorescent M. marinum and the red fluorescence signal was used to collect the 

granulomas at 8 wpi for the ex vivo sybody-testing. The pre-labelled sybodies were 
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used to target ex vivo M. marinum biofilms in granulomas. The sybody+Alexa488 

combination is a smaller molecule in size than the sybody+antibody+Alexa488 

complex and thus it is more likely to cross the outer layers of the granulomas and 

bind the biofilm itself. The sybody against GroEL1 was first tested on extracted 

granuloma biofilm where the outer layer of the granuloma was removed prior the 

staining. The sybody showed strong green fluorescence signal throughout the 

biofilm mass proving the presence of GroEL1 in in vivo M. marinum biofilms (Figure 

17 C). 

 

 

 

Figure 16.  Synthetic sybodies against GroEL1 and GroEL2 specifically bind to M. tuberculosis and M. 
marinum in vitro biofilms. The 2-week-old biofilm of both M. tuberculosis and M. marinum 
were targeted with either GroEL1 or GroEL2 sybodies with Myc-tag (B, C, E and F). The 
sybodies were then stained with anti-Myc Alexa488-antibody (green) and DAPI was used 
to visualize mycobacterial cells (blue). Control samples (A and D) were stained without 
sybody using only anti-Myc antibody and DAPI. Scale bars are 10 μm for all images. 
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The pre-labelled Alexa488 GroEL-sybodies were also tested on intact zebrafish M. 

marinum granulomas and showed that it is able to penetrate through the protective 

host cell layers of the granuloma (Figure 17 D-G). Figure 17 D&E represent a 2D-

captures through the surface of the round-shaped granuloma and Figure 17 F&G a 

zoomed layer-view of the granuloma edge where the sybody labelled with green is 

localized between the red-labelled mycobacteria and the blue-labelled host cells. 

 

 

 

Figure 17.  Fluorescent-labelled synthetic sybodies against GroEL1 and GroEL2 bound to M. marinum 
biofilm in vitro and to ex vivo zebrafish granulomas. 2-week-old M. marinum biofilm was 
stained with NHS-linked Alexa488-labelled GroEL1 (A) and GroEL2 (B) sybodies (green) 
and with DAPI to visualize mycobacterial cells (blue). Green fluorescent sybodies were 
also used to stain biofilm in ex vivo zebrafish granulomas of tomato-fluorescent M. 
marinum (C-G). The granulomas were collected at 8 wpi with the help of the red-
fluorescence.   
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5 DISCUSSION  

5.1 Heterogeneity of the disease outcomes in the zebrafish–
Mycobacterium marinum TB model 

TB shows a heterogenous nature in the human population. The exposure of just a 

few mycobacteria can lead to very different disease outcomes from active infection 

to latency. In active Mtb infection, the patient has symptoms of TB, actively dividing 

bacteria, and the ability to transmit the bacteria further. 5-10% of Mtb-infected 

individuals develop primary active disease, the remaining, up to 95%, accounting for 

cleared and latent infections (Biraro et al., 2016). Latent TB is an asymptomatic form 

of the disease that includes a range of different disease stages. Instead of categorizing 

TB to only latent and active infections, it has been suggested that latent infection 

should be divided into latent, incipient and subclinical TB, where the groups are 

classified according to the microbiological and radiographical status and the 

likelihood of developing an active infection (Drain et al., 2018). A large share of the 

active TB cases appear within the first years after the primary infection, but a 

significant proportion of active cases is due to reactivation of the latent TB, which 

is a major public health issue (World Health Organization, 2018). The risk of 

reactivating latent TB during a lifetime is 5-10% (Comstock et al., 1974).  

The diversity in TB disease spectrum has been explained by environmental 

factors and by the genetics of the host or the pathogen. In the laboratory setting, 

where the environment, the infection dose and the bacterial strain are controlled, the 

host’s genetic factors are more likely to contribute to the variation. Zebrafish 

populations are known to be genetically heterogenous (Balik-Meisner et al., 2018) 

and the variation seen in the development of the mycobacterial infection in this 

thesis (Figure 1) can be explained mostly by the genetic diversity of the zebrafish 

population.  

The variation in the disease outcomes of M. marinum -infected adult zebrafish 

resembles the variation seen in human TB disease. When exposed to Mtb, about 5% 

of humans (7% of M. marinum -infected zebrafish) develop active disease (Tsenova 

& Singhal, 2020). Resisters, that are able to clear the infection in the early phase, 

accounts for 5-35% of human population (Simmons et al., 2018) (zebrafish 10%) 
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and individuals eventually reactivating the latent infection for 5-10% (Comstock et 

al., 1974) (zebrafish 18%). Calculated from these numbers, the proportion of latently 

infected humans would range between 50-85% of individuals infected with Mtb. In 

our zebrafish population, 65% of infected fish develop latent disease in a 32-week 

experiment. The natural host–pathogen pair that can be formed by using M. marinum 

and zebrafish can partially explain the high similarity between human and fish TB 

disease spectrum and pathogenesis.  

5.2 Inducing sterilizing response against mycobacteria 

A lot is known about the immune responses against Mtb; what is beneficial and what 

is needed to maintain the infection in a resting stage. However, it is unknown which 

immunological factors are crucial for the clearance of mycobacteria. Mycobacteria is 

famous for successfully evading host’s immune response, which often leads to a 

chronic infection – a compromise between the wellbeing of host and the bacterium.  

In our research group, a set of different heat-killed bacteria and 

immunoactivators were tested for their potential to beneficially modulate the 

immune response in order to prevent the evading mechanisms and to eradicate 

mycobacteria. In the screen, heat-killed L. monocytogenes (HKLm) was found to be the 

most promising agent (Original publication II), and here it was studied further. In 

our zebrafish population, 10% of the individuals can naturally clear the M. marinum 

infection of 20-50 cfu. Priming with HKLm one day prior the infection increased 

the percent of individuals able to sterilize mycobacteria, resisters, from 10% to 25% 

and reduced the overall mycobacterial loads significantly by 4 wpi (Figure 3AB).  

L. monocytogenes is a gram-positive bacterium that survives inside a host cell. 

HKLm is known for being a common immunoactivator used to activate especially 

TLR2 which induces the production of pro-inflammatory cytokines (Flo, Halaas et 

al. 2000). The ligands for TLR2 receptor include polysaccharides, proteins and 

glycolipids (Oliveira-Nascimento et al., 2012). Here, lipids from L. monocytogenes did 

not show any protective effect but protection was mediated via nucleic acid and/or 

protein (Figure 5C&D). The exact HKLm component inducing the sterilizing 

response remained unknown for technical reasons.  

It was shown with rag1-/- mutant fish lacking adaptive immunity that the innate 

immune responses were responsible for the protective effect of HKLm priming. 

17% of the rag1-/- mutant fish were able to clear the low dose M. marinum infection 

when without priming there was no clearance in any of the individuals (Figure 3CD). 
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The induced clearance rates in the absence of adaptive responses in the rag1-/- 

mutants strongly indicates that the clearance seen in the fish population after HKLm 

priming is so-called early clearance and mediated via innate immune responses. 

Zebrafish larvae do not develop functional adaptive responses until 3 to 4 weeks 

after fertilization (Langenau et al., 2004; Page et al., 2013) hence it can be used to 

study innate responses separately. Knowing from the rag-experiments that the 

HKLm induces early clearance, zebrafish larva was tested as an in vivo model. After 

testing 1 and 2 dpf larvae with separate and co-injection of HKLm and live M. 

marinum, it was concluded that unlike adult rag1-/- fish, zebrafish wildtype larva is not 

able to sterilize mycobacteria even with the help of HKLm pre-treatment (Figure 4). 

Zebrafish larva has innate immune responses but at such an early age the cells and 

tissues are developing and some crucial mechanisms for the mycobacterial 

sterilization may still be absent.  

In the adult zebrafish experiments, the mycobacterial loads were measured with 

qPCR. Mycobacteria is almost entirely found in the internal organs of adult zebrafish 

(Parikka et al., 2012) and this was chosen as the material to determine mycobacterial 

loads. Even though all internal organs of the fish were used, there is still a detection 

limit of 100 cfu when the loads are measured by qPCR, which is an important fact 

when determining clearance. The detection limit depends on the sample lost and 

dilution during the homogenization of the tissues, DNA extraction and qPCR. The 

calculated theoretical detection limit seemed to hold true in the zebrafish samples as 

tested with a spiking experiment (Table 5), where two out of three of the 100 cfu 

samples were positive in qPCR. For higher bacterial loads, all samples were 

measurable. It was technically challenging to show that the fish have sterilized the 

infection completely, and we were not able to execute cfu plating or reactivation 

experiments to conclude the clearance finding. Due to the detection limit of qPCR, 

it is possible that there are small amounts of remaining M. marinum cells in the fish. 

5.2.1 Innate responses after HKLm priming 

The results from rag1-/- mutants showed that the clearance after HKLm priming is 

early clearance and due to innate responses. Hence, the expression of several genes 

involved in the innate immune responses were measured one day after the M. 

marinum infection. The sterilizing response induced by HKLm priming was 

characterized by the increased expression of mpeg1, tnf and nos2b genes and decreased 

expression of sod2 (Figure 6). Mpeg1 is a marker for macrophages and higher mpeg1 
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expression indicates higher numbers of macrophages. The neutrophil marker mpx 

was not altered. The actual cell numbers were not examined and there are no prior 

studies assessing whether mpeg1 or mpx expression stay constant during the cell 

activation or development, or if the genes reflect activation status of the cells. The 

expressions of pro-inflammatory cytokine tnf and nos2b producing microbicidal free 

radicals were also higher in the HKLm primed group showing a strong pro-

inflammatory reaction against mycobacteria. Sod2 is a mitochondrial enzyme that 

reduces the amount of free radicals by converting them to a less toxic form. A 

temporary reduction in the expression of sod2, might help the immune system to 

maintain higher amounts of ROS and effectively kill the bacteria.   

Surprisingly, the expression levels of ifnγ did not differ between HKLm primed 

individuals and the control group even though both gene copies, ifnγ1-1 and ifnγ1-2, 

found in the zebrafish genome were tested. The role of IFNγ in TB has been 

extensively investigated and many studies have shown the harmful effect in the 

absence of IFNγ (Cooper et al., 1993; Flynn et al., 1993). These results have 

strengthened the simplified classification of Mtb being an exclusively intracellular 

pathogen. Later, the importance of the balance and the timing of the IFNγ 

production has been understood. Although, IFNγ is an essential cytokine in the 

control of TB, IFNγ deficiency does not affect the mycobacterial burden in the early 

phase of the infection (Pearl et al., 2001), which is in line with the results shown in 

this thesis.  

Macrophages have been traditionally categorized into classically activated pro-

inflammatory M1 cells and alternatively activated (sometimes described as anti-

inflammatory) M2 cells similarly to Th1/Th2 classification of T cells (Mills et al., 

2000). These polarized cells from both extremes have been studied in the context of 

TB and it has been reported that M1 macrophages are important in the early 

clearance of mycobacteria (Viola et al., 2019). M1 macrophages have the ability to 

produce elevated levels of NO and pro-inflammatory cytokines including TNF 

(Chávez-Galán et al., 2015), molecules that were affected also by HKLm priming.  

The expression of arg1, a commonly used marker for M2 macrophages, was not 

altered by HKLm priming. Arg1 uses arginine as a precursor to produce mediators 

for the tissue remodelling in granulomas and prevents the use of arginine for NOS 

production promoting anti-inflammatory responses (Park et al., 2021). Mtb is known 

for taking advantage of the macrophage balance by manipulating the M1/M2 

polarization towards M2-biased response (Shi et al., 2016). The M1/M2 balance has 

been connected to different disease states, and decreased M1/M2a ratio of blood 
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monocytes can be used to predict active disease and reactivation of latent TB (Chen 

et al., 2020). 

In addition to different immunological responses, M1 and M2 cells also differ by 

their metabolic status. M1 macrophages use glycolysis for their energy source 

whereas M2 cells rely on oxidative phosphorylation (O’Neill & Pearce, 2016). This 

phenomenon was seen after HKLm stimulation of macrophages in vitro, where 

macrophages significantly reduced their oxygen consumption (Figure 6I) supporting 

the result that HKLm activates M1 macrophages, and these cells are especially 

important in the sterilizing response against Mtb in the early infection.  

Macrophages, their polarization, and pro-inflammatory response are important 

for the control of TB. However, when looking at the whole picture, both M1 and 

M2 macrophages are important in the control against TB; M1 for their microbicidal 

pro-inflammatory response and M2 for restricting Mtb growth inside granulomas.   

Several studies together indicate that heterogenous response of several cell types and 

corrected timing are the key to sterilizing response (Clay et al., 2007; Pearl et al., 

2001; Pedrosa et al., 2000; Verrall et al., 2020), and there is no single cell type or 

response that would alone be beneficial in all situations. 

5.2.2 Trained immunity in mycobacterial infection 

Immunological memory has traditionally been a characteristic of adaptive responses. 

However, innate immune memory, often called trained immunity, has been 

acknowledged as a novel way to pass information via epigenetic programming such 

as through molecular modification of histones and DNA. The epigenetic 

reprogramming of trained immunity makes the genes involved in innate immune 

responses better available for transcription and the protection long-lasting 

(Kleinnijenhuis et al., 2012). Many factors affect the epigenetics, which is considered 

as the memory on a gene level, and it was studied whether HKLm priming could 

induce trained immunity. 

Trained immunity has been first described after BCG vaccination. BCG has 

shown variable efficacy against Mtb, but epidemiological studies of BCG have also 

revealed a nonspecific protection against other infections (Aaby et al., 2011). It has 

been reported that these protective immune mechanisms are not specific to certain 

pathogen, and they are not mediated by lymphocytes but rather by trained immunity 

(Kleinnijenhuis et al., 2012). The role of innate responses in the protection against 

mycobacteria was also seen in HKLm priming. Although, it is still not known, how 
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long these trained immunity mechanisms can last (Hamada et al., 2019), it is reported 

that individuals able to resist the Mtb infection have epigenetic modifications in their 

genome (Seshadri et al., 2017). In the case of HKLm priming, 1-day and 1-week 

timepoints were tested prior the infection. One day was shown to have a greater 

sterilizing effect over mock injection and was used in the follow-up experiments 

(publication II). However, fish has been shown to have robust and long-lasting 

innate immune responses that have been utilized in the vaccination of fish by 

unspecific antigens (Tafalla et al., 2013; Uribe et al., 2011), which also makes even 

longer HKLm priming timepoints potential to consider. The possibility to utilize 

trained immunity in the prevention of human TB have also been suggested 

(Choreño-Parra et al., 2020). 

Trained immunity has been characterized by metabolic changes (Riksen & Netea, 

2021), such as the Warburg effect (Cheng et al., 2014). In the Warburg effect, despite 

the presence of oxygen the cell relies on fermentation as an energy production 

method (Warburg, 1956). The reduced oxygen consumption induced by HKLm may 

be an indication of trained immunity in the HKLm-induced protection against 

mycobacteria.  

HKLm priming before infection can potentially prevent a range of different 

evasion mechanisms and this approach could be used as an effective prophylactic 

immunotherapy. A typical infection dose in human is small, just few bacteria, and 

small infection dose was used in the fish model to create a similar course of infection. 

High infection dose causes active disease with progressive amounts of bacteria in the 

adult zebrafish (Parikka et al., 2012) and it was determined that HKLm priming is 

not effective against such high-dose infection. The same was observed for 

established mycobacterial infection where HKLm was tested for treating M. marinum 

infection. In both cases, it is possible that the mycobacterial evasion mechanisms are 

either too strong or well established to overcome with immune activation. It seems 

that mycobacterial manipulation over immune system is so effective that in our 

zebrafish TB model, boosting the immune responses in an on-going infection is not 

the solution. In addition to active manipulation of immune reactions, the structure 

of mycobacteria and the extracellular matrix can also physically block immune 

responses and the effect of antimicrobials. The formation of the extracellular matrix 

and its effects on drug treatments in mycobacteria are discussed in the following 

chapter.  
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5.3 Characteristics of mycobacterial biofilms  

Mycobacteria can tolerate many environmental conditions often leading to chronic 

diseases in a host. The mycobacterial cell envelope is a waxy double-layer structure 

that has a low permeability to many antimycobacterial drugs creating a phenotypic 

tolerance against a range of antimicrobials (Batt et al., 2020). Mtb can also modulate 

its cell envelope to create an even less permeable capsule in response to the presence 

of antimicrobials (Sebastian et al., 2020). 

In addition to the bacteria itself, a cumulative amount of information has 

indicated that the bacterial biofilm influences drug susceptibility (Defraine et al., 

2018; Gold & Nathan, 2017) and recently, Mtb biofilms have been discovered in 

mice and human granulomas (Chakraborty et al., 2021). In this thesis, planktonic and 

biofilm M. marinum showed a clear difference in their tolerance against antimicrobial. 

The MBC (minimum bactericidal concentration) was 63 times higher in 

mycobacterial biofilm than in planktonic cultures of logarithmic growth phase where 

the bacterial population is kept single-celled in the presence of detergent (Figure 10). 

Despite the evidence showing increased drug tolerance of mycobacteria in biofilms, 

biofilms have not been taken into account during drug development. 

In mycobacterial in vitro studies, pellicle form of biofilm has been more studied 

(Chakraborty & Kumar, 2019), but the results of this thesis show that drug tolerance 

is developing already before the pellicle is visible and the increased tolerance is due 

to maturing submerged biofilm during the first days of liquid culture. Also, pellicle 

and submerged biofilm had no difference in drug susceptibility at two weeks 

according to time-kill curve analysis (Figure 15B), which highlights the importance 

of both biofilm types. Currently, there are no studies showing which biofilm type 

resembles the in vivo situation better, hence both pellicle and submerged biofilm 

should be considered when studying in vitro mycobacterial biofilms. 

5.3.1 Degradation of mycobacterial biofilm extracellular matrix as an 
adjunctive therapy 

Mycobacterial biofilms have been identified in many TB animal models and in 

human TB (Chakraborty et al., 2021; Sarathy et al., 2018). Compared to single-celled 

planktonic bacteria, biofilms are more resistant to environmental hazards and 

immune responses, which can also decrease the effectiveness of antimicrobials and 

vaccinations (Kumar et al., 2017). Biofilm formation decreases mycobacterial 
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response to antimicrobial treatment (Ojha et al., 2008). Respectively, by weakening 

the biofilm architecture, it is possible to improve the response (Ackart et al., 2014). 

This has drawn interest in the composition of the extracellular matrix (ECM) and 

quorum sensing network as potential drug targets. 

 Cellulose, proteins, mycolic acid and eDNA have been identified as the ECM 

components of the mycobacterial biofilm (Chakraborty et al., 2021; Ilinov et al., 

2021; Ojha et al., 2008; Trivedi et al., 2016). Thus, degrading enzymes were tested 

for their ability to potentiate antimicrobial treatment in M. marinum biofilm. Cellulase, 

DNase1 and proteinase K all, together with rifampicin, significantly enhanced the 

bacterial killing compared to a group that received only rifampicin, which shows the 

importance of the biofilm ECM in the susceptibility to antimicrobials (Figure 12).  

The ECM composition of the pellicle and the submerged biofilms differs to some 

extent. Lipids are the major component of pellicle biofilms whereas submerged 

biofilms are rich in polysaccharides (Chakraborty & Kumar, 2019). However, also 

eDNA and proteins play a role especially in the submerged biofilm as degrading 

these polymers had an effect on developing submerged biofilm when the pellicle 

biofilm is still absent. Cellulose has been identified as one of the major components 

of mycobacterial biofilm (Chakraborty et al., 2021; Trivedi et al., 2016) and degrading 

cellulose was the most effective adjunctive treatment with rifampicin, but additional 

factors may have an impact to the tolerance as well. A cellulase overexpression M. 

marinum strain had higher sensitivity to rifampicin in biofilm and in planktonic 

cultures but the tolerance still increased with age (Figure 10). It is possible that both 

biofilm subtypes have factors other than cellulose that contribute to the tolerance. 

Whether these factors are part of the biofilm architecture, quorum sensing, other 

biofilm dynamics or something else requires further examination.  

5.3.2 Persistence in mycobacterial biofilm  

Biofilms have gradients of energy source and oxygen supply, which leads to a 

heterogenous population of bacteria (Rani et al., 2007). The bacterial population 

within a biofilm includes metabolically active and dormant bacteria both having 

further subpopulations with altered drug-susceptibility. MIC did not change during 

the maturation of the mycobacterial biofilm but after a week of antimicrobial 

treatment there was an increasing number of live bacteria. The low MIC 

concentration of rifampicin may inhibit the growth, but a subpopulation of tolerant 

mycobacteria remains after drug treatment and accounts for the increased MBC. 
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This subpopulation is metabolically active, able to regrow on agar and in medium, 

and shows similar killing kinetics in repeated antimicrobial exposures, which 

indicates towards phenotypic tolerance rather than genetic resistance of the bacteria.  

These survivors, that are able to tolerate the antimicrobial treatment for a prolonged 

time, are called persisters. 

MIC is a commonly used method for testing resistance for antimicrobials on 

clinical bacterial strains, but this technique does not take into account the persister 

cell populations, even though persisters have been identified for example in bacterial 

populations of S. aureus (Bryson et al., 2020), E. coli (Brauner et al., 2017) and M. 

tuberculosis (Vijay et al., 2021). Here, time-kill curve analysis was used to measure the 

amount of persisters in mycobacterial biofilms. The bacterial population was 

exposed to high concentration (63x MIC) of rifampicin and the killing rate was 

followed by measuring bioluminescence signal over time. When the antimicrobial 

was removed, the persistent M. marinum subpopulation regrew back into 

heterogenous population of antimicrobial-sensitive and persistent cells similar to the 

parental strain (Figure 11), which is a feature of persisters by definition (Brauner et 

al., 2016). 

The time-kill curve analysis utilized a bioluminescent M. marinum strain. This 

approach enabled a quick method to measure the number of live mycobacteria in 

the sample. The two enzymes producing bioluminescence, luciferases A and B, and 

their three substrates in the LuxABCDE cassette are all produced under constantly 

active promoters and unlike a stable fluorescent protein, the bioluminescence signal 

ends when the substrates are consumed reflecting rapid changes in the bacterial 

numbers, which is good when measuring killing kinetics of the bacterial population.  

In traditional plating or OD-based methods, the mycobacterial tendency to form 

aggregation in the liquid may disturb the measurement and the actual cell number 

will not be detected by these techniques whereas light-based methods are sensitive 

to physical barriers such as the ECM in the case of biofilm. It is possible that 

different amounts of biofilm can lead to different levels of light inhibition. In 

addition to physical barriers, bioluminescence is sensitive to the metabolic state of 

the cell. Mycobacteria can reduce its metabolic activity and even enter dormancy, 

which is a known way to tolerate environmental hazards. The effect of dormant cells 

in the M. marinum biofilm was excluded as the bioluminescence signal increased in 

untreated cultures for at least nine days of biofilm liquid culturing. Both the 

metabolic status and the thickness of the biofilm argue to use as young biofilm as 

possible. For this reason, one-week-old biofilm was used in this setup, even though 

the biofilm mass visible increases for several weeks.  
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This method was shown to be an easy and quick way to measure the killing 

kinetics of microbes grown in in vitro biofilms and could be used to screen 

antimicrobial compounds against persister cells, which could greatly improve the 

treatment outcome of the current drugs. 

5.3.3 Targeting mycobacterial biofilms by synthetic single domain 
antibodies, sybodies 

Sybodies were produced to demonstrate that it is possible to specifically target 

mycobacterial biofilms and to carry small molecules to close contact with the biofilm. 

Sybody is a synthetic polypeptide resembling the variable part of the antibody heavy 

chain of camelids (nanobody), which makes it a relatively small protein with possible 

very high binding affinity to its target and better tissue penetrance and stability 

compared to antibodies (Panikar et al., 2021). It is also possible to manipulate 

sybodies binding properties and they are easy to produce in E. coli (Zimmermann et 

al. 2020).  

There has been a great interest in using nanobodies as a replacement for 

monoclonal antibodies. Currently, nanobodies have been used for diagnostics, 

imaging techniques and several molecules are in clinical trials, and one has already 

been approved by the FDA to prevent blood coagulation in acquired thrombotic 

thrombocytopenic purpura (reviewed in Jovčevska and Muyldermans 2020). The 

only drawback of nanobodies compared to traditional antibodies is their short half-

life in the circulation due to their small size, which can be modified by adding an 

extra domain or conjugate to increase the molecular size of the complex and change 

the molecular properties (Harmsen et al., 2005; Vugmeyster et al., 2012; Xenaki et 

al., 2021).  

Various techniques can be used to attach molecules to nanobodies via chemical 

bonding (Merkul et al., 2019; Panikar et al., 2021), which enables the utilization of 

nanobodies as carriers to transport molecules to a specific location. Important 

questions are how many pieces of cargo can be attached, what is the choice of 

method and most importantly, how the conjugation changes the functionality of the 

nanobody and is the cargo needed to detach from the nanobody in the destination. 

Here we were able to successfully conjugate Alexa488-fluorophore to the sybody by 

NHS-linkage but in theory this conjugated molecule could have been a therapeutic 

molecule. Targeting therapeutic molecules to a specific location makes the therapy 

possible more effective and reduces the side effects (Bathula et al., 2021). 
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In this thesis, GroEL1- and GroEL2 were selected as a sybody targets as they 

were found to be present in the M. marinum biofilm with high intensity in a proteomic 

analysis. GroEL1 and 2 are mycobacterial protein chaperons, and especially GroEL1 

has been connected to mycolate-synthesis and biofilm formation  (Ojha et al. 2005). 

It was shown here with confocal imaging that the anti-GroEL1 and 2 sybodies target 

mycobacterial biofilm ECM in vitro and in ex vivo zebrafish granulomas.  

In vitro, both M. marinum and M. tuberculosis biofilms were tested for their sybody 

binding properties. M. tuberculosis strain H37Ra is an avirulent counterpart of the 

commonly used virulent H37Rv strain. However, it has been reported that the 

morphology of the colonies differs between these two strains and that the avirulent 

strain does not form cords similarly to the virulent strain (Middlebrook et al., 1947). 

The same was seen in the results of this thesis. Both mycobacteria formed biofilms 

but the organization of the structures were somewhat different, M. marinum having 

longer cords with clearer orientation of the bacteria within the ECM. It is likely that 

loosing virulence has also altered the formation of the biofilm. Afterall, mycobacteria 

in biofilm have been shown to be more virulent than cells that have a deficiency in 

producing biofilm (Arias et al., 2020; Chakraborty et al., 2021).  

The granuloma is a structure of mycobacteria surrounded by host’s immune cells 

and fibroblasts that form a tight capsule around the bacterial core. This capsule is 

rather impermeable and while protecting the bacteria from disseminating it also 

possess a real challenge when targeting treatments against the bacteria inside the 

capsule. In the zebrafish ex vivo granuloma samples, the fluorescent-labelled sybody 

clearly targeted the mycobacterial ECM if the granuloma outer layer was removed 

prior the staining protocol (Figure 17C). This result also shows that M. marinum 

forms biofilm in vivo. If intact granulomas with the surrounding host cells were used, 

anti-GroEL1 and 2 sybodies localized in the space between the biofilm itself and the 

host cell layer (Figure 17 F&G). It is unclear why the biofilm staining pattern of an 

intact granuloma did not resemble the biofilm extracted from the granuloma. It is 

possible that the host cell layer around mycobacteria either prevents the free 

movement of the sybodies or generates technical issues in the confocal imaging.  

To get a stronger binding of the sybody, a more extensive sybody screening could 

have been done. However, even a highly specific anti-biofilm sybody might struggle 

in spreading throughout the granuloma. Sybody is a relatively small protein (only 15 

kDa) and in this experiment relies on the diffusion which could be only enhanced 

by fine-tuning incubation time and conditions in the protocol. In a in vivo situation, 

the transportation into the granuloma is not solely dependent on diffusion but 

factors like granuloma vasculature can contribute the permeability.  
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The bacterial population inside the granuloma biofilm is likely to include 

persisters that are not genetically resistant to antimicrobials but are killed slower due 

to their phenotypic tolerance. Slower killing rate can lead to emerging genetically 

resistant bacteria by enabling enrichment of spontaneous genetic mutations in the 

bacterial population. It is also possible to transmit the bacteria if the antimicrobial 

treatment is ineffective in eliminating the infection, which further increases their 

clinical relevance. These subpopulations greatly influence the effectiveness of the 

therapy and new approaches specifically targeting these subpopulations and/or 

concentrating the drug to the right place could enhance the treatment outcome. 

Nanobodies are a promising technique that can be designed to target mycobacteria 

in biofilms and help to transport therapeutic molecules to a specific location. 

5.3.4 Limitations of the study 

Choosing model organisms and techniques to model any biological phenomenon is 

always a challenge. Like in the case of infectious diseases, it is often hard to find and 

use human samples in research, which makes utilizing model organisms the only 

option to study the complicated network between the host and the microbe. 

However, using model organisms that are also laboratory strains always comes with 

a price of inaccuracy.    

In this thesis, in addition to possible technical issues that have been considered 

throughout the discussion section, the limitations of M. marinum -infected zebrafish 

is important to keep in mind. Although M. marinum–zebrafish pair is a natural host–

pathogen pair and pathological mechanisms in fish tuberculosis resemble the 

mechanisms seen in human, it might still be far away from the human setting. All 

the differences between the human and fish immune responses that has been 

introduced in the literature review section 2.5.3 are very relevant when interpreting 

the results of this thesis. Zebrafish is a useful model for basic research, and it has 

given valuable insights to tuberculosis pathogenesis but if aiming for human 

therapeutics, mammalian models must be used to verify the results. 

A similar modelling issue applies for M. marinum and for avirulent M. tuberculosis 

as they both differ from virulent human M. tuberculosis. In vitro microbiological 

studies, where the microbe can often freely grow in a rich culture media with a fixed 

atmosphere without attacking immune cells and molecules, can end up with a 

different outcome than in an in vivo situation. For biofilm studies, limited oxygen and 

carbon sources were used, but it is still not like the biological environment.  
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Modelling biological systems and environments always requires compromises and 

it sometimes might be a delicate balance to optimize the experimental settings to 

have the best possible fit.  

5.3.5 Future prospects 

This thesis concentrated on how to overcome mycobacterial evasion mechanisms to 

improve treatment outcomes or even prevent the infection. The next steps for this 

study would be to better dissect the component(s) that produced the protective 

responses against mycobacterial infection and can this protective effect be seen in 

mammalian models as well. Also, in the future it remains to be seen whether the 

protective immune response can be induced by adaptive immune responses or is 

trained immunity the best and/or only option. 

In the microbiological point of view, the obvious question remains what the exact 

composition of the mycobacterial extracellular matrix (ECM) is. It is crucial to find 

ways to ensure that the antimicrobial really finds the mycobacterial biofilm 

population within granulomas through the ECM and does it quickly. This could 

significantly enhance the future treatments. It is important to recognize that the 

course of many bacterial diseases is probably influenced by the ECM or even biofilm 

formation.  

The tuberculosis research is far from done. The limitations of the current 

treatments and vaccines to end the tuberculosis pandemic is evident and there is a 

lot to do before this situation changes. If new affordable treatments and diagnostic 

tools would be available, the incidence numbers would quickly go down. A new 

effective treatment has been estimated to reduce yearly TB-deaths by 34,000 after 

six years, new diagnostic method by 52,000 and these two together would save 

100,000 lives each year (O’Neill, 2016). Also, it has been estimated that even a 

vaccine, that gives only 60% protection against active TB, could have a major effect. 

60% protection rate is rather poor for a vaccine but if this vaccine is given to only 

20% of the adults in risk of having TB, it would reduce the incidence rate by 40% 

(Knight et al., 2014). This all sounds achievable but has shown to be very difficult 

especially when the people most badly needing these improvements are in 

developing countries.     
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6 SUMMARY AND CONCLUSION  

TB remains a significant cause of mortality worldwide and especially developing 

countries struggle to control the disease. Even though, only 5-10% of the individuals 

exposed to Mtb get active infection (Comstock et al., 1974), in certain areas of South-

Africa, a fifth of the tested children under the year of five had latent TB even without 

a household contact with active TB, which indicates a high number of untreated 

and/or undiagnosed TB cases in the society (MacPherson et al., 2020). The same 

study showed the deadliness of the active TB, especially among young adults as the 

proportion of latently infected individuals decreased in older age groups 

(MacPherson et al., 2020). The key to the success of mycobacterium is its ability to 

professionally evade immune responses. As a result, mycobacteria are sealed in 

granulomas rather than eradicated by the immune system. The dynamic interaction 

of the host and the bacteria often leads into this chronic latent disease, which serves 

as a reservoir for new active TB cases. 

In this thesis, heat-killed L. monocytogenes (HKLm) was found to be an effective 

immunomodulator to block or slow M. marinum infection in adult zebrafish. HKLm 

had the greatest effect when it was injected one day prior to the infection. The adult 

zebrafish population is heterogenous, showing highly similar proportions of active, 

latent, reactivated and cleared mycobacterial infections as in the human population. 

HKLm priming was able to increase the percentage of the cleared infection from 

10% to 25% and to significantly reduce M. marinum loads in the remaining 

population. The clearance was mediated by innate immune responses, and it was 

characterized by reduced expression of sod2 and increased expression of tnf, nos2b 

and mpeg1, which indicated that the immune responses responsible for the protective 

response is due to activated pro-inflammatory macrophages in the early infection. 

Interestingly, HKLm did not induce clearance if it was given after the infection. 

An on-going established mycobacterial infection has already profound immune 

evasion mechanisms that are tricky to overcome with immune activation. A 

prophylactic treatment could be, however, used against TB in high endemic areas 

where daily physical protection is not feasible and having TB carries a stigma.  

It is an important question, why boosting immune responses after the infection 

did not help the immune system to tackle the infection. Strong local 



 

100 

immunosuppression induced by the mycobacteria is one plausible factor to explain 

the poor performance of the host’s immune responses but bacterial extracellular 

communities in granulomas is another factor. Mycobacterium is capable of 

producing biofilms in granulomas (Chakraborty et al., 2021) that protect against 

physical and chemical stress, hampering the effectiveness of both antimicrobials and 

immune responses. 

The biofilm maturation of M. marinum did not increase MIC (minimum inhibitory 

concentration) but affected MBC (minimum bactericidal concentration) indicating 

an enhanced phenotypic tolerance of the biofilm. It was also possible to reduce the 

number of live bacteria by treating M. marinum biofilm with enzymes degrading the 

extracellular matrix together with an antimicrobial. M. marinum in a biofilm is 

metabolically active but there is a subpopulation of phenotypically tolerant bacteria, 

persisters, that can survive in the presence of antimicrobial for a prolonged time. 

Time-kill curve analysis of M. marinum biofilms was used to study persisters. The 

analysis showed that M. marinum biofilm is significantly more tolerant compared to 

planktonic mycobacteria at one week. M. marinum naturally produces two biofilm 

subtypes in a liquid culture: pellicle and submerged biofilms. However, there was no 

difference in the antimicrobial susceptibility between these biofilm types.  

Finally, sybodies against mycobacterial GroEL1 and GroEL2 in the biofilm 

extracellular matrix were tested as an approach to specifically target mycobacterial 

biofilms. This kind of approach could be utilized to carry concentrated amounts of 

small molecules inside granulomas. The biofilm lifestyle of mycobacteria increases 

the tolerance against antimicrobials making biofilms clinically highly relevant. Anti-

GroEL sybodies were able to bind M. marinum and Mtb in in vitro biofilms and the 

biofilms found inside ex vivo zebrafish granulomas. The role of persisters in biofilms 

and the protective ECM structures in infections should be considered when 

designing new drugs against Mtb.  

The mycobacterial evasion mechanisms are well evolved. Some mechanisms 

could be avoided by right-timed immune activation and some by biofilm-targeted 

therapies, but the approach has to be chosen depending on the infection state. It has 

become clear that the heterogenous nature of TB requires heterogenous set of 

interventions whether those are immunological or pharmacological. The results 

presented in the thesis open avenues for development of therapeutic interventions 

to prevent TB. 
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Abstract

Mycobacterium tuberculosis is currently the deadliest human pathogen causing 1.7 million deaths and 10.4 million infections every year.
Exposure to this bacterium causes a wide disease spectrum in humans ranging from a sterilized infection to an actively progressing deadly
disease. The most common form is the latent tuberculosis, which is asymptomatic, but has the potential to reactivate into a fulminant
disease. Adult zebrafish and its natural pathogen Mycobacterium marinum have recently proven to be an applicable model to study the wide
disease spectrum of tuberculosis. Importantly, spontaneous latency and reactivation as well as adaptive immune responses in the context of
mycobacterial infection can be studied in this model. In this article, we describe methods for the experimental infection of adult zebrafish, the
collection of internal organs for the extraction of nucleic acids for the measurement of mycobacterial loads and host immune responses by
quantitative PCR. The in-house-developed, M. marinum-specific qPCR assay is more sensitive than the traditional plating methods as it also
detects DNA from non-dividing, dormant or recently dead mycobacteria. As both DNA and RNA are extracted from the same individual, it is
possible to study the relationships between the diseased state, and the host and pathogen gene-expression. The adult zebrafish model for
tuberculosis thus presents itself as a highly applicable, non-mammalian in vivo system to study host-pathogen interactions.

Video Link

The video component of this article can be found at https://www.jove.com/video/58299/

Introduction

Zebrafish (Danio rerio) is a widely used animal model in biomedical research and it is an accepted model for common vertebrate biology. The
zebrafish has been adapted to many fields of research modeling human diseases and disorders ranging from cancer1 and cardiac disease2 to
infection and immunological studies of several bacterial 3 and viral infections4,5. In addition, the ex utero development of zebrafish embryos has
made the zebrafish a popular model in developmental biology6 and toxicology7,8.

In many fields of research, including infection biology, the optically transparent zebrafish larvae are commonly used. The first immune cells
appear within 24 h post fertilization (hpf), when primitive macrophages are detected9. Neutrophils are the next immune cells to appear around
33 hpf10. Zebrafish larvae are thus feasible for studying the early stages of infection and the role of innate immunity in the absence of adaptive
immune cells11. However, the adult zebrafish with its fully functional adaptive immune system provides an additional layer of complexity for
infection experiments. T cells can be detected around 3 days post fertilization12, and B cells are able to produce functional antibodies by 4
weeks post fertilization13. The adult zebrafish has all the main counterparts of the mammalian innate and adaptive immune system. The main
differences between the immune systems of fish and humans are found in antibody isotypes as well as in the anatomy of lymphoid tissues.
The zebrafish has only three antibody classes14, whereas humans have five15. In the absence of bone marrow and lymph nodes, the primary
lymphoid organs in the fish are the kidney and the thymus16 and the spleen, the kidney and the gut serve as secondary lymphoid organs17.
Despite these differences, with its full immune arsenal of innate and adaptive cells, the adult zebrafish is a highly applicable, easy-to-use, non-
mammalian model for host-pathogen interaction studies.

The zebrafish has lately been established as a feasible model to study tuberculosis18,19,20,21,22. Tuberculosis is an airborne disease caused by
Mycobacterium tuberculosis. According to the World Health Organization, tuberculosis caused1.7 million deaths in 2016 and is the leading cause
of death by a single pathogen worldwide23. Mice24,25, rabbits26 and non-human primates27 are the best-known animal models in tuberculosis
research but each face their limitations. The non-human primate model of M. tuberculosis infection resembles the human disease most closely,
but using this model is limited due to serious ethical considerations. Other animal models are hindered by the host-specificity of M. tuberculosis
that affects the disease pathology. Probably the biggest issue in modeling tuberculosis is the wide spectrum of infection and disease outcomes
in the human disease: tuberculosis is a very heterogeneous disease ranging from sterilizing immunity to latent, active and reactivated infection28,
which can be hard to reproduce and model experimentally.

Mycobacterium marinum is a close relative of M. tuberculosis with ~3,000 orthologous proteins with 85% amino acid identity29. M. marinum
naturally infects zebrafish producing granulomas, the hallmarks of tuberculosis, in its internal organs19,30. Unlike other animal models used
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in tuberculosis research, zebrafish produces many offspring, it requires only a limited space and importantly, it is neurophysiologically the
least developed vertebrate tuberculosis model available. Additionally, the M. marinum infection causes latent infection, active disease or even
sterilization of mycobacterial infection in adult zebrafish closely mimicking the spectrum of disease outcomes of human tuberculosis19,31,32. Here,
we describe methods for the experimental tuberculosis model of adult zebrafish by injecting M. marinum into the abdominal cavity and using
quantitative PCR to measure the mycobacterial loads and immune responses from zebrafish tissue samples.

Protocol

All zebrafish experiments have been approved by the Animal Experiment Board in Finland (ESAVI/8245/04.10.07/2015). Methods are performed
according to the act (497/2013) and the government decree (564/2013) on the protection of animals used for scientific or educational purposes in
Finland.

1. Culturing of Mycobacterium marinum

NOTE: Since Mycobacterium marinum is a pathogen capable of causing superficial infections in humans, find out the local guidelines for
personal safety and biohazard waste disposal before starting to work with this bacterium.

1. Culture M. marinum on a 7H10 plate supplemented with 10% OADC (oleic acid, albumin, dextrose, catalase) enrichment and 0.5% v/v of
glycerol at 29 °C for at least 5 days. Maintain M. marinum cultures by taking fresh bacteria from the freezer every two weeks and transferring
onto a new plate every other week.
 

NOTE: M. marinum is a natural fish pathogen infecting aquatic species and it is important to take precautions not to contaminate zebrafish
stocks with the bacteria. Infected zebrafish and items contaminated with bacteria have to be kept separate from the breeding facilities.

2. Use a sterile 1-µL inoculation loop to aseptically transfer a loopful of M. marinum bacterial mass into a cell culture flask containing 10 mL of
7H9 medium with 10% ADC (albumin, dextrose, catalase) enrichment, 0.2% v/v polysorbate 80 and 0.2% v/v of glycerol. Culture for 3–4 days
to approximately an OD600 (optical density) of 0.7 at 29 °C in the dark without shaking. Leave the cap loose, or use a filter cap, to allow for the
sufficient exchange of gases.
 

NOTE: Polysorbate 80 is added to the medium to prevent the aggregation of bacteria. In addition, exposure to light leads to phenotypic
changes in bacterial colonies (e.g., the color changes from white to yellow). To avoid this, keep the cultures in the dark.

3. Measure the OD600value with a spectrophotometer. Dilute the liquid culture to an OD600 of 0.07–0.09 and continue culturing for 2 days at 29
°C in the dark without shaking. Leave the cap loose.
 

NOTE: During these two days, the bacterial suspension will reach an OD600of approximately 0.5 corresponding to an early log-phase.

2. Preparation of Bacterial Solution for Infecting Adult Zebrafish

1. Transfer the bacterial suspension into a big sterile cuvette or a 15 mL tube and place it in the dark at room temperature for 15 min to allow the
biggest clumps to settle.

2. Transfer the top 5–7 mL of the suspension into a clean tube or a cuvette and measure the OD600. Use this top phase of the suspension for
the infections.

3. Collect 1 mL of M. marinum culture into a fresh tube and centrifuge for 3 min at 10,000 x g. Remove the supernatant and resuspend the pellet
in 1 mL of sterile 1x PBS.

4. Dilute to reach the desired bacterial concentration by using sterile 1x PBS with 0.3 mg/mL phenol red as a tracer. Divide the diluted
suspension into three aliquots.
 

NOTE: Use a predetermined OD600 vs. CFU (colony-forming units)/µL curve to estimate the dilution required to get the wanted number of
bacteria in the 5 µL injection volume34. The correlation between OD600 and concentration of the bacterial suspension needs to be validated
before starting the actual infection experiments. Reserve two weeks for collecting this validation data.

5. Using a 1 mL syringe, slowly pull the suspension through a 27 G needle 3x. For each aliquot, perform this step just before use.
 

NOTE: Do not use the same bacterial solution for more than 2 h.

3. Experimental M. marinum  Infection with Intraperitoneal Injection

1. Pipette a 5 µL droplet of the diluted bacterial solution onto a piece of parafilm film and pull the droplet into a 30 G insulin needle.
2. Use 5–8 month-old wild-type fish and rag1−/−hu1999 mutant fish for the experiment. Anesthetize adult zebrafish in the tank water with 0.02%

3-aminobenzoic acid ethyl ester (pH 7.0). Position the fish ventral side up into a slit on a moist foamed plastic.
 

NOTE: Rag-/- mutant fish are not able to undergo somatic recombination and produce functional T and B cells.
3. Inject the needle between the pelvic fins at an approximately 45° angle. Keep the needle opening upwards to observe that the entire opening

is inside the abdominal cavity. Slowly inject the bacterial suspension and carefully remove the needle.
 

NOTE: In case the red tracer is leaking out of the fish upon injection, exclude the fish from the experiment.
4. Immediately after injection, transfer the fish into a recovery tank with fresh tank water.
5. Take samples of the bacterial suspension on 7H10 plates every 15 min from the bacterial aliquot in use and incubate the bacteria at 29 °C for

5 days and verify the infection dose by counting the colonies on the plates.
6. Check the well-being of the fish regularly and euthanize any fish with symptoms of the infection with over 0.02% concentration of 3-

aminobenzoic acid ethyl ester (pH 7.0).
 

NOTE: Approximately, 7% of the adult zebrafish infected with 34 ± 15 CFU and 30% of zebrafish infected with 2029 ± 709 CFU will have had
symptoms by 8 weeks19. The symptoms may include abnormal swimming, lack of response to touch, gasping, edema or observable wasting.

7. Maintain the zebrafish according to the common standards35.
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4. Collection of Internal Organs

1. Euthanize the zebrafish with an overdose of 3-aminobenzoic acid ethyl ester (over 0.02% concentration, pH 7.0) in the tank water.
2. Insert one pin posterior to the branchiostegal rays and another through the tail to tack the fish onto the platform.
3. Open the whole abdominal cavity with a scalpel and collect the internal organs by using a small spoon and sharp-ended tweezers. Start from

the heart and work along the spine towards the tail to detach all internal organs in one block.
 

NOTE: Be sure to collect all kidney tissue by scraping along the spine with the spoon.
4. Finally, use tweezers to detach the gut next to the cloaca and transfer the organs into a 1.5 mL homogenization tube with six 2.8 mm ceramic

beads. Immediately place on dry-ice to freeze the sample. The sample can be stored at -80 °C until homogenized.
5. Rinse the instruments with 70% ethanol between individuals.

5. Homogenization and RNA extraction from an organ block.

NOTE: The method is modified from the Stanford University protocols36.

1. Add guanidine thiocyanate-phenol solution used for nucleic acid extraction (Table of Materials) on the top of the sample to a total volume of
1,500 µL. Ensure that the sample covers a maximum of 10% of the total volume.
 

CAUTION: The expected volume of the harvested tissue is 100 µL. Guanidine thiocyanate-phenol solution contains toxic and irritating
compounds and requires protective clothing, nitrile gloves and working in a fume hood. Do not combine with bleach as this will cause
formation of toxic gases. Read the material safety data sheet (MSDS) before use.

2. Homogenize samples using a bead-beating homogenizer 3 times for 40 s at 3,200 rpm. Cool on ice for 30 s between the cycles. Sonicate the
homogenized samples in a water bath for 9 min.

3. Centrifuge the samples at 12,000 x g for 10 min at 4 °C and move 1,000 µL of the cleared homogenate into a fresh microcentrifuge tube.
4. Add 200 µL of chloroform, immediately mix by vortexing for 15 s and incubate for 2 min at room temperature.

 

CAUTION: Chloroform is a toxic and irritant compound if inhaled, swallowed or contacted with skin or eyes. Use necessary safety equipment
for personal protection and work in a fume hood. Read the material safety data sheet (MSDS) before use.

5. Centrifuge at 12,000 x g for 15 min at 4 °C to separate the aqueous and organic phases.
6. Carefully, transfer 500 µL of the top phase to a fresh tube to avoid contaminating the RNA. Remove and discard the rest of the aqueous

phase (~100 µL) and store the interphase and organic phase at 4 °C for DNA extraction.
 

NOTE: The top phase contains the RNA.
7. Add 500 µL of 2-propanol and immediately mix by vortexing for 15 s. Incubate for 10 min at room temperature to precipitate the RNA.
8. Centrifuge at 12,000 x g for 10 min at 4 °C to pellet the RNA. Remove the supernatant by pipetting.
9. Add 1 mL of 75% ethanol and vortex for 10 s.

 

NOTE: The protocol can be paused here, and the samples kept overnight at 4 °C.
10. Centrifuge at 7,500 x g for 5 min at 4 °C. Remove the supernatant by pipetting.
11. Repeat the wash steps 5.9–5.10. Remove the supernatant carefully by pipetting and let the pellet air-dry in a fume hood.
12. Dissolve the RNA pellet in 500 µL of nuclease-free water and keep the samples on ice. Measure the concentrations with a microvolume

spectrophotometer or with equivalent equipment. Store the RNA at -80 °C.

6. Purification of Co-extracted Zebrafish and Mycobacterial DNA

1. Prepare a back-extraction buffer (BEB) by dissolving 118.2 g of guanidine thiocyanate (final concentration 4 M), 3.68 g of sodium citrate
(final concentration 50 mM) and 30.29 g of Tris free base (final concentration 1 M) in 120 mL of nuclease-free water (this may require stirring
overnight). Add nuclease-free water to a final total volume of 250 mL and filter to sterilize the solution.
 

NOTE: This buffer can be stored at room temperature for up to 6 months. Do not combine BEB with bleach as they react to produce toxic
gases such as hydrogen chloride and hydrogen cyanide.

2. Use the interphase and organic phase of the sample to extract mycobacterial DNA. Add 500 μL of BEB to each tube. Mix extensively for 10
min by inversion at room temperature.

3. Centrifuge the tubes at 12,000 x g for 30 min at room temperature and carefully transfer 500 µL of the upper aqueous phase containing the
DNA to a new tube.

4. Add 400 μL of 2-propanol. Mix by inverting and incubate for 10 min at room temperature.
5. Centrifuge the samples at 12,000 x g for 15 min at 4 °C. A pellet containing the DNA should be visible at this point. Carefully remove the

supernatant by pipetting.
6. Add 800 μL of 70% ethanol. Wash the pellet by inversion. Do not vortex the samples at this point, as genomic DNA breaks down easily.
7. Centrifuge the samples at 12,000 x g for 15 min at 4°C and remove the supernatant by pipetting. Repeat the ethanol wash (steps 6.6 and

6.7).
8. Remove the ethanol by carefully pipetting. Let the samples air-dry for 5–10 min. Dissolve the pellet in 200 μL of nuclease-free water.
9. Measure DNA concentrations with a microvolume spectrophotometer or with equivalent equipment. DNA can be stored at 4 °C or at -20 °C

for long-term storage.

7. Quantitative PCR for Measuring Mycobacterial Loads

1. Prepare qPCR reaction mixes with no-ROX (carboxy-X-rhodamine) against the M. marinum internal transcribed spacer (ITS) between
16S-23S ITS according to the manufacturer's instructions with MMITS1 primers (Table 1). Pipette the reaction mix and sample dilutions as
duplicates on a 96-well plate suitable for qPCR. Include a DNA standard dilution series of a known amount of bacteria in each run.
 

NOTE: The expected M. marinum load per fish can range from 0 CFU to 1,000,000 CFU at 4 wpi. The qPCR assay can be also performed
with other qPCR kits but the annealing temperature for the primers has to be re-optimized.
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2. Seal the plate with an optically transparent film and centrifuge the plate at 2,000 x g for 2 min at 4 °C.
3. Run the qPCR program shown in the Table 2.
4. Using the standard curve, calculate the number of bacteria in the entire fish sample.

8. DNase Treatment of the RNA Samples

1. To remove any possible remaining traces of genomic DNA from the RNA, carry out DNase I treatment. Thaw the RNA samples on ice.
 

NOTE: Be sure to use only RNase-free equipment and solutions and wipe the working surface and pipettes with a decontamination reagent
eliminating RNases (Table of Materials) before starting to work. Wear a long-sleeved lab coat and gloves to protect your samples.

2. Prepare 10 μL DNase I reaction mixes on ice according to the manufacturer's instructions. Mix 1 μL of DNase I, 1 μL of 10x DNase buffer and
8 μL of RNA sample including a maximum of 1 μg of RNA.

3. Gently mix the reactions (no vortexing) and incubate for 30 min at 37 °C.
4. Prior to heat-inactivation, add 1 µL of 50 mM EDTA to each 10 µL sample. If EDTA is not added, the RNA will undergo chemical degradation

when heated.
5. Incubate for 10 min at 65 °C to heat-inactivate DNase I. Continue directly to cDNA synthesis or store the DNase-treated RNA at -80 °C.

9. cDNA Synthesis

1. Keep all reagents and samples on ice and prepare the reaction mixes according to the manufacturer's instructions. For a 5 μL reaction mix,
include 1 μL of Reverse Transcription Master Mix, 3 μL of nuclease-free water and 1 μL of DNase treated RNA.

2. Gently mix the reverse transcription reactions and briefly spin the tube, if needed.
3. Place samples in a PCR machine and use the program shown in Table 3.
4. Dilute the cDNA in nuclease-free water for qPCR to a maximum concentration of 2.5 ng/μL, if needed. cDNA can be stored at -20 °C.

10. Measuring Zebrafish Gene Expression by Quantitative PCR

1. Prepare a qPCR master mix on ice according to the manufacturer's instructions and protect from light. Use the primers introduced in Table 1.
 

NOTE: To calculate the fold of induction for each gene, measure the expression also from a pooled baseline sample extracted from 6 healthy
zebrafish.

2. Prepare replicates of each sample and pipette the reaction mixes onto a qPCR plate. Seal the plate with an optically transparent film and
centrifuge the plate at 2,000 x g for 2 min at 4 °C before starting the run.

3. Run the qPCR program shown in the Table 4 with the annealing temperature depending on the primer pair used (Table 1).
4. Analyze the gene expression ratio compared to a house-keeping gene (loopern437) with the ΔCt method using the equation:

 

Representative Results

The natural fish pathogen Mycobacterium marinum infects the internal organs of the zebrafish and produces a systemic infection with
histologically visible granulomas19. Adult zebrafish are infected with M. marinum by an intraperitoneal injection. The DNA and RNA are extracted,
and the mycobacterial load is measured by quantitative polymerase chain reaction (qPCR) using DNA as the template. The outline of the method
is shown in Figure 1.

The initial number of mycobacteria used for infecting the fish is a critical determinant for the outcome of infection. A high infection dose of M.
marinum (~2,000 CFU) leads to a progressive disease in which the mycobacterial loads continue to increase until the average bacterial load
reaches around five million bacteria (Figure 2A) ultimately killing the fish. A low dose (~20–90 CFU) of M. marinum leads to the development
of a disease spectrum similar to that seen in human tuberculosis (Figure 2B). The bacterial load continues to increase until around 4–7 weeks
(Figure 2A and Figure 3A), after which in the majority of the fish the disease reaches a steady-state. Figure 2B shows an example of the
distribution of disease outcomes with a low dose infection: About 7% of the infected zebrafish were unable to restrict the bacterial growth. These
individuals developed a primary progressive disease and they died within two months after the infection. Around 10% of the individuals cleared
the mycobacterial infection by 4 weeks. The remaining 65% of the fish population developed a latent mycobacterial infection with steady bacterial
burdens. However, between 8 and 32 weeks of infection, in 18%, the latent infection spontaneously reactivated leading to the progression of the
disease.

By using rag-/- mutant fish, it is possible to study the role of adaptive immune responses in the adult fish. Rag-/- mutant fish cannot sufficiently
limit the growth of mycobacteria leading to higher bacterial loads (Figure 3A) and increased morbidity (Figure 3B), clearly demonstrating the
importance of adaptive immunity in controlling mycobacterial infection. Also, the importance of adaptive responses in evoking certain cytokine
responses in mycobacterial infection can be studied in this model. Here, we show that the adaptive response is required for the efficient induction
of interleukin 4 (IL4) (Figure 3C) but is dispensable for the induction of interferon-γ (IFNγ) at 4 wpi (Figure 3D). Interferon-γ is a cytokine driving
the response against intracellular pathogens whereas interleukin 4 is a common mediator in the adaptive immune response against extracellular
pathogens. The significantly higher expression levels of il4 in the wild-type group compared to rag-/- mutant fish refers to important adaptive
humoral responses in the mycobacterial infection (Figure 3C).

https://www.jove.com
https://www.jove.com
https://www.jove.com


Journal of Visualized Experiments www.jove.com

Copyright © 2018  Journal of Visualized Experiments October 2018 |  140  | e58299 | Page 5 of 11

 

Figure 1: Workflow of studying the development of mycobacterial loads in the adult zebrafish. Adult zebrafish are infected with an
intraperitoneal injection of M. marinum. DNA and RNA are extracted from the internal organs of the fish and the M. marinum load and host's
immune responses are analyzed with quantitative polymerase chain reaction (qPCR). Please click here to view a larger version of this figure.
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Figure 2: Injection of M. marinum into adult zebrafish causes a spectrum of disease states. (A) Zebrafish were injected with a low (34 ±15
CFU) or a high dose (2029 ±709 CFU) of M. marinum. Average loads for 5 fish (except 32 weeks high dose, n = 2) are shown with SD. Low-dose
statistics: * p <0.05 compared with 1 week, ** p <0.05 compared with 1 and 2 week. High-dose statistics: *** p <0.05 compared with 1, 2, 8, 11
and 20 wk. ¤ low dose vs. high dose p<0.05. Modified from Parikka et al. 201219. (B) Typical distribution of disease outcomes within a wild-type
zebrafish population infected with a low-dose of M. marinum. Please click here to view a larger version of this figure.
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Figure 3: Adaptive immunity affects the course of mycobacterial infection in the adult zebrafish. Adult wild-type (wt) and rag1 (−/−)
zebrafish were infected with a low dose (n = 30) of M. marinum. (A) The average mycobacterial loads were measured by qPCR at 2, 4, and
7 weeks post infection (wpi) (n = 10) *P<0.05. (B) The fish were euthanized upon the development of symptoms of the disease and survival
plots were created. (C). The expression levels of il4 were measured at 4 wpi. (D) The expression levels of IFNγ were measured at 4 wpi. (A and
B)modified from Parikka et al. 201219. (C and D) Modified from Hammarén et al. 201438. Please click here to view a larger version of this figure.
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Gene Primer sequence Annealing temperature

MMITS1 F: CACCACGAGAAACACTCCAA

16S–23SITS Locus AB548718 for M. marinum
quantification

R: ACATCCCGAAACCAACAGAG

65

loopern4 F: TGAGCTGAAACTTTACAGACACAT

Expressed repetitive elements R: AGACTTTGGTGTCTCCAGAATG

61

il4 GCAGGAATGGCTTTGAAGGG

ZDB-GENE-100204-1 GCAGTTTCCAGTCCCGGTAT

59.5

ifnγ1-2 F: GGGCGATCAAGGAAAACGACCC,

ZDB-GENE-040629-1 R: TAGCCTGCCGTCTCTTGCGT

61

Table 1: Primer sequences and annealing temperatures. The sequences of the primers used and their optimized annealing temperatures.
The primers for the M. marinum 16S-23S rRNA transcript have been optimized for a No-ROX qPCR kit and the other primers for a ROX including
qPCR kit.

Step Time Temperature

1 3 min 95 °C

2 5 s 95 °C

3 10 s 65 °C

4 5 s 72 °C (fluorescence detection)

5 Go to step 2. 39 times

6 Melting curve analysis 55-95°C with 0.5°C
intervals

7 Forever 4 °C

Table 2: qPCR program for measuring M. marinum DNA. A qPCR protocol designed according to the manufacturer's instructions and
optimized for measuring M. marinum DNA from zebrafish samples.

Time Temperature

5 min 25 °C

30 min 42 °C

5 min 85 °C

forever 4 °C

Table 3: cDNA synthesis program. Protocol for synthesizing cDNA from the extracted RNA of an infected zebrafish according to the
manufacturer's instructions.

Step Time Temperature

1 30 s 95 °C

2 12 s 95 °C

3 30 s Annealing °C

4 Go to step 2. for 39 times

5 Melting curve analysis 65–95 °C with 0.5 °C
intervals

6 Forever 4 °C

Table 4: qPCR program for measuring host's gene expression. A qPCR protocol designed according to the manufacturer's instructions and
optimized for measuring the expression of different zebrafish genes.

Discussion

Here we describe a qPCR-based application to measure mycobacterial loads from DNA extracted from experimentally infected adult
zebrafish tissues. This application is based on primers designed around the 16S-23S rRNA internal transcribed spacer sequence40. The
total mycobacterial load in a fish sample is estimated using a standard curve prepared from DNA extracted from a known number of cultured
mycobacteria and assuming that one bacterium has one copy of its genome at any given moment. The detection limit of the M. marinum -qPCR
is approximately 100 colony forming units18. A clear advantage of the method compared to traditional plating is that both active and non-
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dividing dormant bacteria can be detected. In addition, a common problem of contaminating growth on culture plates from zebrafish tissues is
circumvented by this approach. However, as DNA is used as the template, it is possible that some of the copies measured can be derived from
the DNA of bacteria that have died very recently. A significant advantage of the nucleic acid-based protocol is that as both DNA and RNA (as well
as proteins, not described here) can be extracted from the same individual, the mycobacterial load of the individual can be combined with gene
expression data of both the host and the bacteria.

The dosing of M. marinum is a critical determinant of the outcome of infection. The low M. marinum (~20–90 CFU) infection dose produces
a spectrum of disease states with latency as the most common form. If the infection dose is in the order of thousands, a more progressive
disease develops in the majority of individuals. As the natural infectious dose is known to be low in human tuberculosis41, using a low dose
of M. marinum in the zebrafish model is likely to produce a more natural infection. To reach the correct dose, make sure to validate the
relation between the OD600 and colony-forming units prior to starting any experiments. The normal variation of the plated infection doses is
approximately 30% and is not considered a problem. However, it is important to verify that the entire 5 µL volume of the bacterial suspension
remains inside the fish. Leaking of the injection solution will cause extra variation in the infection dose. In addition to the infection dose, the strain
of the bacteria can affect the disease progression. It has been shown that the virulence of the different M. marinum strains can alter between
the strains. The two most commonly used strains are ATCC927 (fish isolated strain used in these experiments) and the M strain. However,
these strains differ greatly in their virulence. The human-isolated M strain develops a more progressive disease whereas the fish-isolated strain
produces a milder disease well-suitable for studying the latent form of the mycobacterial infection33. The virulence of the bacteria within a strain
may also alter if the bacteria is serially transferred from one culture to another, which can be prevented by taking fresh mycobacteria from a
freezer stock often enough.

In vitro culturing of slowly dividing M. marinum without antibiotics is prone to contaminations. Therefore, the handling of the bacteria requires
strict aseptic approach carried out in a laminar flow hood. Possible contamination in the culture can be detected as too high an OD600 value, odd-
looking bacterial suspension or colonies. M. marinum colonies are normally fuzzy-edged, flat and matt white in color. M. marinum cultures are
sensitive to light and they start producing yellow pigment when exposed to light. This yellow pigment can be used to distinguish M. marinum
colonies from other bacteria after the infections. Contaminants can cause the fish to die soon after infection. Usually, the first symptoms of a
low-dose infection do not appear before 3 weeks post infection and any mortalities before this time point are likely due to contamination in the
bacterial suspension or trauma induced during injection.

Adult zebrafish are very sensitive to 3-aminobenzoic acid ethyl ester and do not survive if the exposure time is too long or the concentration of
the anesthetic is too high. Therefore, when infecting, the zebrafish should be exposed to the anesthetic only for the minimum of time to achieve
good anesthesia (~1–2 min). After infection, adult zebrafish are kept in groups at water temperature of 26–28 °C. If the temperature is higher or
lower than this, it might affect the M. marinum growth rate and kinetics of the infection. Also, the tank water quality (microbiological quality, salt
concentration, pH, oxygen saturation) is an important part ensuring a successful experiment. Health monitoring of the fish needs to be carried out
daily and fish that show symptoms of infection need to be removed from the group and euthanized. If the fish die in the tank, the other fish may
become re-infected through the gut, which will affect the progression of infection.

The commonly used zebrafish larval model of tuberculosis is applicable to study innate immunity, which directs the experiments to a limited
subset of host-microbe interactions. The use of adult zebrafish makes it possible to study both innate and adaptive immune responses in a
versatile model18,32,39. Adult zebrafish presents itself as a convenient vertebrate model to study the entire spectrum of tuberculosis. With a
low-dose exposure of M. marinum, 7% of the fish population develop primary progressive disease, 10% are able to sterilize the infection, 65%
develop latent disease and in 18% spontaneous reactivation occurs (Figure 2). The disease spectrum closely resembles that seen in human
tuberculosis, in which the vast majority develop a latent disease, approximately 4–14% produce primary active infection within the first five
years after the infection42, 10–20% of heavily exposed persons seem to be able to sterilize the infection43 and 5–10% of the latent infections
reactivate44. Differences in hosts' genetics affects the susceptibility to tuberculosis and the disease progression45. This is also seen in the
zebrafish population that is genetically very heterogeneous unlike many other laboratory animals46,47. The natural genetic variation makes it a
highly applicable model in the search for optimal immune responses in this multifactorial disease.
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Priming of innate antimycobacterial immunity by heat-killed
Listeria monocytogenes induces sterilizing response in the adult
zebrafish tuberculosis model
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Vesa Pekka Hytönen1,2,5 and Mataleena Parikka1,6

ABSTRACT
Mycobacterium tuberculosis remains one of the most problematic
infectious agents, owing to its highly developed mechanisms to
evade host immune responses combined with the increasing
emergence of antibiotic resistance. Host-directed therapies aiming
to optimize immune responses to improve bacterial eradication or to
limit excessive inflammation are a new strategy for the treatment of
tuberculosis. In this study, we have established a zebrafish-
Mycobacterium marinum natural host-pathogen model system to
study induced protective immune responses in mycobacterial
infection. We show that priming adult zebrafish with heat-killed
Listeria monocytogenes (HKLm) at 1 day prior to M. marinum
infection leads to significantly decreased mycobacterial loads in the
infected zebrafish. Using rag1−/− fish, we show that the protective
immunity conferred by HKLm priming can be induced through innate
immunity alone. At 24 h post-infection, HKLm priming leads to a
significant increase in the expression levels of macrophage-
expressed gene 1 (mpeg1), tumor necrosis factor α (tnfa) and nitric
oxide synthase 2b (nos2b), whereas superoxide dismutase 2 (sod2)
expression is downregulated, implying that HKLm priming increases
the number of macrophages and boosts intracellular killing
mechanisms. The protective effects of HKLm are abolished when
the injected material is pretreated with nucleases or proteinase
K. Importantly, HKLm priming significantly increases the frequency of
clearance of M. marinum infection by evoking sterilizing immunity
(25 vs 3.7%,P=0.0021). In this study, immune priming is successfully
used to induce sterilizing immunity against mycobacterial infection.
This model provides a promising new platform for elucidating the
mechanisms underlying sterilizing immunity and to develop host-
directed treatment or prevention strategies against tuberculosis.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Listeria monocytogenes, Mycobacterium marinum,
Mycobacterial infection, Sterilizing immunity, Tuberculosis,
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INTRODUCTION
Tuberculosis (TB) is an airborne respiratory disease caused by the
intracellular bacterium Mycobacterium tuberculosis (Mtb). As few
as one to five bacteria can lead to an infection (Rajaram et al., 2014;
Cambier et al., 2014). The outcome of TB is highly variable,
ranging from rapid clearance by innate immune mechanisms to
development of active disease or the formation of a latent infection
that can be actively contained inside granulomas but not eradicated.
According to Centers for Disease Control and Prevention (CDC)
estimates, even one third of the world population is infected with
Mtb. However, only 5-10% of this population develops active,
primary TB. Commonly, infection with Mtb leads to a latent,
asymptomatic disease with the inherent ability to reactivate and
disseminate into an active disease even decades after initial
exposure, for example in the case of immunosuppression. In
2015, 1.4 million people died of TB and a total of 10.4 million new
cases were reported along with an increasing number of multidrug-
resistant strains (World Health Organization, 2016; http://www.
who.int/tb/publications/2016/en/). Despite available multidrug
therapies and the Bacille Calmette–Guérin (BCG) vaccine, TB
remains one of the leading infectious killers worldwide. According
to a recent study, the standard 6-month antibiotic treatment against
TB is ineffective in the eradication of Mtb even in patients with a
successful follow through of the antibiotic treatment (Malherbe
et al., 2016). As the current preventive and treatment strategies have
proven insufficient, new approaches to control the global TB
epidemic are urgently needed. Host-directed therapies offer a
promising approach to improve the outcome of anti-TB treatments.
Host-directed therapies are a form of adjunctive therapy that aim to
modulate the host immune responses to eradicate or limit
mycobacterial infection (Tobin, 2015).

Mycobacteria are especially successful in evading immune
responses. Macrophages are known to limit mycobacterial growth
in early infection to some extent (Clay et al., 2007). However,
in many cases, the early events of mycobacterial infections are
characterized by bacterial dominance. Pathogenic mycobacteria are
able to avoid recognition by pattern-recognition receptors and
can lure mycobacterium-permissive macrophages to the sites of
infection (Cambier et al., 2014). Upon phagocytosis, they block the
fusion of phagosomes with lysosomes (Russell, 2011), translocateReceived 7 August 2017; Accepted 21 November 2017
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to the cytoplasm (Simeone et al., 2012; Houben et al., 2012) and
neutralize nitric oxide (NO) species (Flynn and Chan, 2003),
allowing them to survive within macrophages. Astonishingly,
mycobacteria are even capable of exploiting macrophages for tissue
dissemination (Clay et al., 2007). In addition to avoiding innate
killing mechanisms, mycobacteria also inhibit transportation of
mycobacterial antigens to lymph nodes (Wolf et al., 2008; Reiley
et al., 2008; Gallegos et al., 2008), thereby hampering the initiation
of adaptive responses (Chackerian et al., 2002). Aggregates of
innate and adaptive immune cells, called granulomas, are formed to
contain the bacteria and to localize the infection to a limited area
without eradicating the bacteria. Depending on the immune status of
the host, either an active infection or a latent infection with a life-
long risk of reactivation ensues (Barry et al., 2009).
Despite Mtb being good at evading host immune responses and

having the ability to cause aggressive active or persistent latent
infections, some people are known to be naturally protected against
TB. There are significant differences in the ability of individuals to
resist mycobacterial infection, reflecting the heterogenic nature of the
human population. According to epidemiological data, a 7-43%
proportion of heavily exposed individuals are able to clear the infection
before the onset of adaptive immunity, resulting in negative tuberculin
skin tests and interferon-gamma (Ifnγ) release assays (reviewed in
Verrall et al., 2014).With this in mind, it should be possible to shift the
balance of host-pathogen interactions in favor of the host by directing
the immune response to the right immune activation at the early stages
of infection, when the bacterial loads are rather small. Optimal immune
activation could prevent mycobacterial evasion strategies, enhance
killing of mycobacteria and ideally lead to sterilization of infection.
However, to our knowledge, sterilizing antimycobacterial immunity
has not been successfully induced in vivo.
In this study, we used the zebrafish model to study protective

immune responses against mycobacteria at the early stages of
infection. The zebrafish has recently become a well-accepted
genetically tractable vertebrate model for human TB pathogenesis.
Zebrafish are naturally susceptible to Mycobacterium marinum, a
close genetic relative of Mtb. M. marinum causes a disease that
shares the main pathological and histological features of human TB,
including the formation of macrophage aggregates and granulomas
(reviewed in Meijer, 2016; van Leeuwen et al., 2014). As the basic
mechanisms of innate and adaptive immunity are conserved from
zebrafish to humans, the innate immune responses to M. marinum
can be studied in zebrafish larvae (Ramakrishnan, 2013), while the
adult zebrafish has been proven an applicable model to study also
the adaptive responses in TB (Hammarén et al., 2014; Parikka et al.,
2012; Oksanen et al., 2013). Even the transition of an acute primary
infection to latency and its reactivation can be modeled in the adult
zebrafish (Parikka et al., 2012), which has been difficult in other
models. Our previous studies have shown that an infection with a
low dose ofM. marinum causes a latent mycobacterial disease with
steady bacterial counts in the majority of the fish population,
whereas, in a small proportion of the fish (<1.5%), primary active
disease leads to mortality (Parikka et al., 2012). Around 10% of the
fish are able to clear the mycobacterial infection (Hammarén et al.,
2014). The spectrum of different disease outcomes in the
M. marinum-zebrafish model thus resembles that of human TB.
Here, we have used the zebrafish model to test whether the number

of individuals sterilizing the infection can be increased through
injection with different priming agents to circumvent mycobacterial
virulence strategies, which generally lead to persistent, latent
infections (Parikka et al., 2012). Our study shows that the priming
of zebrafish with heat-killed Listeria monocytogenes results in the

sterilization ofM.marinum infection in one fourth of individuals. The
protective effect is caused by a protein and/or nucleic acid component
of L. monocytogenes and is accompanied by the induction of tumor
necrosis factor α (tnfα) and nitric oxide synthase 2b (nos2b), and
downregulation of superoxide dismutase 2 (sod2). Hereby, we show
that the adult zebrafish is a feasible model for deciphering the
mechanisms of sterilizing immunity, knowledge of which is crucial
for the development of new preventive strategies and adjunctive
therapies against TB.

RESULTS
Immune activation by heat-killed L. monocytogenes leads to
lower mycobacterial burdens in adult zebrafish
In this study, we set out to investigate protective immune responses
at the early stages of anM.marinum infection. Our hypothesis is that
the right immune activation at the early stages of an infection
prevents mycobacterial evasion strategies and leads to protective
immune responses, increased killing of mycobacteria or even
clearing of mycobacteria. To study our hypothesis, we wanted to
direct the zebrafish immune response towards an optimal anti-TB
response before the onset of an M. marinum infection. To find a
factor that promotes a protective immune response in the early
stages of an infection in adult zebrafish, fish were intraperitoneally
(i.p.) injected with different priming agents 1 day before a low-dose
i.p. M. marinum infection (Fig. 1A,B). Mycobacterial loads of the
fish were determined with quantitative real-time PCR (qPCR) from
internal organs at 7 weeks post-infection (wpi). We tested eight
different agents, including Toll-like receptor (TLR) ligands, vaccine
adjuvants and heat-killed bacteria, namely: heat-killedM. marinum
(HKMm), L. monocytogenes (HKLm), Streptococcus iniae (HKSi)
and Escherichia coli (HKEc), lipopolysaccharide (LPS), paclitaxel,
muramyl dipeptide (MDP) and zymosan.

In this preliminary experiment, the tested priming agents had
variable effects onmycobacterial loads. Priming of the adult fish with
HKLm led to a clear decrease in median mycobacterial loads at 7 wpi
compared to phosphate-buffered saline (PBS) controls. However,
with most of the other tested priming agents, including HKMm, the
reduction in mycobacterial loads was not as dramatic as with HKLm
(Fig. 1B). Importantly, HKLm priming was the most efficient way to
induce bacterial clearance. The frequency of clearance increased by
4.8-fold compared to PBS-primed controls. For paclitaxel, priming
led to an increase in mycobacterial loads. With the right dosing,
paclitaxel can induce proinflammatory responses (Bracci et al., 2014)
but can also be toxic to immune cells (Tang et al., 2017), whichmight
explain the increase in mycobacterial load by paclitaxel. Our results
indicate that early immune priming affects mycobacterial loads at 7
wpi and that HKLm is the most promising priming agent with our
experimental setup.

To ensure that the reduction in mycobacterial loads in adult fish
was not due to direct bactericidal effects of HKLm priming, we
incubated M. marinum in 7H9 medium together with different
concentrations of HKLm (Fig. S1). Based on in vitro culturing,
HKLm does not kill M. marinum, indicating that the lowered
mycobacterial burdens in zebrafish induced by HKLm priming is
not due to direct killing of the mycobacteria by HKLm, but is
mediated through effects on the host immune system.

To characterize the duration of the effect after HKLm priming, we
injected fish at either 1 or 7 days prior to infection withM. marinum.
The mycobacterial loads were determined already at 4 wpi because,
at this stage of the infection, bacterial counts have generally reached
a steady state and they are easily measurable. Priming 1 day prior to
infection was most efficient, increasing the frequency of a clearing
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response by 3.7-fold compared to the control group (7 days: 2.3-
fold) in this preliminary experiment (Fig. 1C). Based on these
results, we continued with HKLm priming at 1 day before M.
marinum infection.

Priming with HKLm increases the frequency of clearance of
mycobacterial infection in adult zebrafish
To verify our finding from the preliminary priming experiments,
zebrafish were primed with an injection of HKLm (Fig. 2A) 1 day prior
to M. marinum infection, and PBS was used as a negative control.
Compared to control treatments, priming with HKLm 1 day before
infection consistently led to a significant decrease (14.1-fold decrease,
on average) in mycobacterial loads in adult zebrafish at 4 wpi (Fig. 2A
shows a representative result of four separate experiments).
From our previous study, we know that, without priming,

approximately 10% of M. marinum-infected zebrafish are able to
naturally clear the mycobacterial infection (Hammarén et al., 2014).
Combining the results from four different experiments shows that
priming with HKLm 1 day prior toM. marinum infection increases
the frequency of sterilizing response by 6.8-fold in the wild-type
fish at 4 wpi [PBS 3.7% (n=54) vs HKLm 25% (n=56), P=0.0021]
(Fig. 2B). However, individuals that have been unable to clear the
infection also benefit from HKLm priming in terms of lowered
bacterial loads (Fig. S2). In a wild-type population with sustained
infection, HKLm reduced the median bacterial load by 11.1-fold
(P<0.0001).

Innate immune mechanisms mediate HKLm-induced
protection against mycobacterial infection
Our results show a beneficial effect of HKLm priming on
mycobacterial loads and clearance at 7 wpi (Fig. 1B) and 4 wpi
(Fig. 2A), as well as at 2 wpi (Fig. 2C), all of which are late enough
stages for both innate and adaptive responses to be active, although
it is known that virulent mycobacteria cause a delay in the activation
of T-cell responses (Gallegos et al., 2008). To test whether HKLm
priming has the same reducing effect on mycobacterial loads in the
absence of an adaptive immune response, we used rag1−/− mutant
fish. Fish lacking rag1 do not undergo V(D)J recombination, which
is essential for the production of the full variety of T- and B-cell
receptors. The rag1−/− mutants therefore rely solely on their innate
immune mechanisms for protection against infections (Wienholds
et al., 2002).

When rag1−/− mutants were primed with HKLm 1 day beforeM.
marinum infection and bacterial loads were measured with qPCR at
4 wpi, HKLm priming caused a similar reduction in bacterial loads
in rag1−/− mutants (30-fold, P=0.0089) as in wild-type fish (9.7-
fold, P=0.0013) (Fig. 2D,A). Also in rag1−/− mutants, priming
with HKLm increased the frequency of sterilizing response from 0%
(n=26) to 17% (n=23) (P=0.0418) (Fig. 2E). Looking at the fish
with a sustained infection (unable to clear the infection), HKLm
priming reduced the bacterial load in rag1mutants by 7.2-fold (Fig.
S2B, not statistically significant). HKLm priming did not affect the
cumulative mortality of low-dose-infected wild-type adult fish

Fig. 1. The effect of priming agents on M. marinum loads in adult zebrafish. (A) Outline of the study. Adult wild-type zebrafish were primed with 0.5×107-
1×107 colony-forming units (cfu) per fish of heat-killed bacteria or with other priming agents (13.5 µg per fish, except MDP 4.5 µg) 1 or 7 days prior toM. marinum
infection (−1/7 day) with an i.p. injection. Sterile 1× PBSwas used as an injection control. The following day (0 day), a low dose ofM.marinumwas injected i.p. into
the zebrafish. Internal organs were collected either 2, 4 or 7 weeks post infection (wpi), DNA was extracted and the bacterial counts were measured with M.
marinum-specific qPCR. (B) Priming with heat-killed L. monocytogenes (HKLm) reduces mycobacterial loads at 7 wpi. Zebrafish were primed with either PBS
(n=8), heat-killed M. marinum (HKMm; n=9), HKLm (n=10), heat-killed S. iniae (HKSi; n=8), heat-killed E. coli (KHEc; n=9), lipopolysaccharide (LPS; n=8),
paclitaxel (n=5), muramyl dipeptide (MDP; n=9) or zymosan (n=10) 1 day prior to M. marinum infection (16±4 cfu). Organs were collected at 7 wpi. Priming with
HKLm led to a bigger decrease in the mycobacterial loads in adult zebrafish compared to other tested priming agents. Paclitaxel increased the mycobacterial
loads in adult zebrafish. Medians are shown in the figure. (C) Priming with HKLm 1 day prior toM.marinum infection increases the frequency of clearance. The fold
change in the percentage of fish that were able to clear the M. marinum infection was higher in the group that was primed with HKLm 1 day prior (3.7-fold; PBS:
n=12, HKLm: n=13) to infection compared to group that was primed 7 days (2.3-fold; PBS: n=12, HKLm: n=12) before the infection.
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(PBS: 11.7%; HKLm: 11.2%) but caused a trend of reduced
mortality in rag1−/− mutant fish (PBS: 24.5%; HKLm: 11.1%)
(Fig. 2F,G). Together, these results imply an important role for
innate immunity in the formation of protective HKLm-induced
immune responses against mycobacterial infection. Importantly,
they show that an optimal response induced by HKLm priming
significantly increases the frequency of clearance of mycobacterial
infection also in the absence of adaptive immunity.

Protective effects of HKLm priming are not seen in the larval
M. marinum-infection model
As our results showed that the protective effects of HKLm priming
can be mediated through innate immune responses alone, we next
used zebrafish larvae to test the effect of HKLm priming on M.
marinum infection. During the first weeks of development,
zebrafish lack adaptive immune responses and rely solely on
innate immune responses, making it possible to study mechanisms
of mycobacterial infection that arise from innate immunity. To this

end, zebrafish larvaewere primed with HKLm to induce a protective
immune response against M. marinum infection. Zebrafish were
primed by intravenous injection either at 1 day post-fertilization
(dpf ) (Fig. S3A) or at 2 dpf (Fig. S3B). M. marinum infection was
carried out intravenously at 2 dpf. Within this experimental setting,
mycobacterial loads were not reduced in zebrafish larvae after
priming with HKLm (Fig. S3), possibly due to the immaturity of
immune responses in the young larvae or due to the relatively lower
HKLm dose that could be delivered into the larvae. As we were
unable to see any protective effect in the zebrafish larvae, we
continued using adult zebrafish for subsequent experiments.

Protective immunity against M. marinum infection is
mediated by a protein and/or nucleic acid component of
HKLm
Based on the results of the preliminary experiment with different
priming agents, HKLm seemed to contain a specific component
responsible for the induction of sterilizing immunity. To characterize

Fig. 2. Priming with HKLm significantly reduces mycobacterial loads in adult zebrafish via innate responses. (A) Priming of adult zebrafish with
0.5×107 cfu of HKLm 1 day prior to M. marinum infection (27±2 cfu) led to a significant decrease in mycobacterial loads compared to control injection of sterile
1× PBS. The graph shows one representative experiment. Samples were collected at 4 wpi (PBS: n=19, HKLm: n=19). (B) Priming with HKLm 1 day prior to
M. marinum infection leads to sterilization ofM. marinum in 25% of the wild-type (WT) zebrafish. Clearance percentage in the WT PBS control group was 3.7%.
The data were collected from four independent experiments. M. marinum infection doses in the independent experiments were 27±2 cfu, 26±13 cfu, 75±13 cfu
and 26±8 cfu. PBS: n=54, HKLm: n=56. (C) Priming of adult zebrafish with HKLm leads to a significant decrease inmycobacterial loads compared to PBS controls
already at 2 wpi. Infection dose: 48±8 cfu. PBS: n=11, HKLm: n=12. (D) HKLm priming 1 day prior to M. marinum infection significantly reduced mycobacterial
loads in rag1−/−mutant fish compared to the PBS control group at 4 wpi, indicating a role for innate immune responses. The graph contains a combined result from
two separate experiments. M. marinum infection doses were 48±8 cfu and 27±2 cfu. (E) Priming with HKLm 1 day prior to M. marinum infection leads to
sterilization of M. marinum in 17% of the rag1−/− mutant fish. Clearance percentage in the PBS control group was 0%. Data are pooled from two independent
experiments. PBS: n=26, HKLm: n=23. (F,G) HKLm priming did not affect cumulativemortality inWTadult fish (F; PBS: n=152, HKLm: n=170), but caused a trend
of reduced mortality in HKLm-injected rag1−/− mutant fish (PBS: n=53, HKLm: n=55). P-values in A, C and D were calculated with a two-tailed non-parametric
Mann–Whitney test with GraphPad Prism. Medians for the individual experiments are shown in the figures. The P-values in B, E, F and G were calculated with
Fisher’s test using GraphPad (QuickCalcs) online software.
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the protective component(s), we carried out a set of experiments in
which zebrafish were primed with different preparations of HKLm
1 day prior to M. marinum infection and bacterial growth was
analyzed at 4 wpi. Priming with spent L. monocytogenesmedium did
not cause a significant reduction in themycobacterial loads of the fish,
indicating that a secreted factorwas not the causative agent behind the
activation of antimycobacterial immune responses (Fig. 3A).We also
found that, after autoclavation of L. monocytogenes, priming with the
insoluble material provided a protective effect against M. marinum
infection, whereas the soluble material was not protective (Fig. 3B).
However, we were able to show that treatment of the HKLm extract
with either proteinase K or a cocktail of RNase and DNase abolished
the protective effect (Fig. 3C). These results indicate that the
protective component is stable, resistant to high temperature and
pressure, non-secreted, insoluble, and likely consists of both a protein
and nucleic acid component.

Therapeutic potential of HKLm treatment
To further characterize the features of HKLm treatment, a 30-fold
higher HKLm dose was injected 1 day prior to low-dose M.
marinum infection. With such a high dose, HKLm lost its beneficial
effects (Fig. 4A) and there was a trend of increased mortality of the
fish by 4 wpi (PBS: 22.7%; HKLm: 41.7%) (Fig. 4B). According to
these results, it was concluded that, by increasing the HKLm dose, it
is not possible to further boost the protective effect but rather
vice versa. The optimal dosage thus plays a crucial role in inducing a
protective response.
We then tested whether priming with HKLm 1 day prior to

infection could protect fish against a high-dose infection challenge
with 4883±919 colony-forming units (cfu) of M. marinum. In the
context of a high-dose infection, HKLm did not induce significant
difference in the mycobacterial loads, clearance or cumulative
end-point mortality at 4 wpi (Fig. 4C,D).

We next wanted to test whether HKLm can induce protective
immune responses if themycobacterial infection is alreadyestablished.
We have previously shown in adult zebrafish that, at 2 wpi, M.
marinum infection is well established and granulomas have already
started to form (Parikka et al., 2012).We infected adult zebrafishwith a
low dose of M. marinum, injected HKLm at 2 wpi and measured
mycobacterial loads, as well as determined the cumulative mortality at
4 wpi. Based on our results, at a time point in which the mycobacteria
have already multiplied substantially and started forming granulomas,
HKLm injection was not able to lower the bacterial loads, increase
bacterial clearance or affect cumulative mortality (Fig. 4E,F).

Priming adult zebrafish with HKLm induces mpeg1, tnfα and
nos2expression, anddownregulates sod2, at theearly phase
of mycobacterial infection
We were interested in further characterizing the nature of the
immune response induced by HKLm priming in adult zebrafish. We
hypothesized that the protective effect could be mediated through
enhanced killing of mycobacteria at the early phase of the infection
due to changes in the numbers or activity of innate immune cells. To
study the details of HKLm-induced immune activation by qPCR,
the fish were primed with HKLm or PBS, infected with a low dose
ofM. marinum 1 day after priming and the total RNAwas extracted
from zebrafish organs collected 1 day post-infection (dpi). First, the
possible effects of HKLm treatment on the number of macrophages
and neutrophils were assessed by measuring the expression of
macrophage expressed gene 1 (mpeg1) (Ellett et al., 2011) and
myeloid-specific peroxidase (mpx) (Lieschke et al., 2001),
respectively. In the HKLm group, mpeg1 expression was
significantly higher than in the control group (Fig. 5A; HKLm:
59.9-fold; PBS: 39.3-fold; P=0.0352), suggesting that the number
of macrophages was increased due to HKLm priming. The
expression of mpx was not affected by HKLm (Fig. 5B).

Fig. 3. Protective immunity against
M. marinum is mediated by a protein
and/or nucleic acid component of
HKLm. (A-C) Zebrafish were primed
with different components of HKLm and
L. monocytogenes 1 day prior to M.
marinum infection and mycobacterial
loads were determined with M.
marinum-specific qPCR at 4 wpi.
(A) Protective immunity is not mediated
by a secreted component in the L.
monocytogenes growth medium.
Infection dose: 26±6 cfu; PBS: n=10,
medium: n=16. (B) Protective immunity
is mediated by a component that was
found in the insoluble phase. Infection
dose: 33±11 cfu; PBS: n=10, insoluble:
n=12, soluble: n=12. (C) Protective
effect of HKLm priming was lost when
HKLm was treated with DNase and
RNase, or proteinase K. Infection dose:
33±11 cfu; PBS: n=10, DNase and
RNase: n=7, proteinase K: n=8. P-
values for all experiments were
calculated with a two-tailed non-
parametric Mann–Whitney test with
GraphPad Prism and corrected with the
Bonferroni’s method. Medians for each
experiment are shown.
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To assess the HKLm-induced changes at the level of immune cell
activation, we measured the expression of a selection of markers
related to the effective antimycobacterial functions of innate
immune cells 1 day after M. marinum infection. Based on
literature on the mechanisms limiting intracellular mycobacterial
growth, the genes chosen for analysis were tnfα (Cobat et al., 2015;
Roca and Ramakrishnan, 2013), ifnγ (Flynn et al., 1993) and nos2b
(Nicholson et al., 1996; Thoma-Uszynski et al., 2001). Expression
of ifnγ was not differentially induced between PBS- and HKLm-
treated groups (Fig. 5C,D). The median expression levels of tnfα
(Fig. 5F; HKLm 10.3-fold vs PBS 1.1-fold, P=0.0043) and nos2b
(Fig. 5G; HKLm 10.7-fold vs 0.6-fold PBS, P=0.0001) were
significantly increased in the HKLm-primed group compared to the
PBS control group. We also analyzed the expression levels of sod2,
which encodes a mitochondrial protein that converts the
byproducts of oxidative phosphorylation to hydrogen peroxide
and oxygen, leading to neutralization of mitochondrial reactive
oxygen species (ROS) (Pias et al., 2003) and arg1, which is an
alternative macrophage activation marker (Gordon and Martinez,
2010). In the HKLm group, sod2 expression was significantly
more downregulated as compared to the PBS group, indicating
increased levels of ROS due to HKLm priming (PBS 0.59-fold
vs HKLm 0.27-fold, P=0.0022) (Fig. 5H). Arg1, however, was
not induced in HKLm-primed fish, suggesting that alternative
activation does not have an impact on the early mycobacterial
elimination (Fig. 5E). Together, these results suggest that
HKLm induces M1-type classical macrophage activation
leading to enhanced intracellular killing at the early stages of a
mycobacterial infection.

Priming of macrophages with HKLm leads to decreased
oxygen consumption in vitro
Classically activated M1 macrophages have been shown to change
their metabolism upon immune activation (Cheng et al., 2014). To
test whether this is also the case with HKLm priming, we set up a
RAW264.7 cell culture and primed them either with LPS (50 ng/µl)
or HKLm (MOI: 530). At 19-24 h later, oxygen consumed by these
cells was measured using a Clark electrode. We used LPS as a
positive control and showed that both treatments lower the oxygen
consumption significantly (Fig. 5I). Pooled result from three
independent experiments concluded that HKLm- or LPS-primed
mouse macrophages consume, respectively, 1.8-times (P=0.008)
and 2.3-times (P=0.0042) less oxygen compared to untreated cells,
in vitro (Fig. 5I). This result implies that HKLm-treated
macrophages exhibit metabolic changes indicative of diminished
oxygen similar to those observed during classical macrophage
activation.

DISCUSSION
Despite substantial progress in the field of medicine, TB still kills
millions of people every year and has been declared a global public
health crisis (World Health Organization, 2016; http://www.who.
int/tb/publications/2016/en/). The advances in the battle against TB
have been hindered by the complex nature of the disease and the
limitations of tuberculosis animal models. TB manifests itself in a
wide spectrum of disease, with most affected individuals being
unable to eradicate the causative bacteria (Mtb), leading to the
development of latent TB infection, which has a lifetime risk of
reactivation in 5-10% of cases. The World Health Organization has

Fig. 4. HKLm treatment does not protect against
high-dose or established M. marinum infection.
(A,B) Protective effect of HKLm priming is lost with
high-dose priming. Fish were injected with a high dose
of HKLm (15.6×107 cfu, 30-fold compared to previous
dose) 1 day prior to M. marinum infection (34±11 cfu).
Priming with a high dose of HKLm did not reduce
mycobacterial numbers (A) and led to an increase in
the mortality of the fish at 4 wpi (B). PBS: n=10, HKLm:
n=10. (C,D) HKLm priming does not protect from high-
dose M. marinum infection. Fish were primed with
HKLm 1 day prior to high-dose M. marinum infection
(4883±919 cfu). No effect was observed on bacterial
loads (C) or cumulative end-point mortality (D). PBS:
n=16, HKLm: n=17. (E,F) HKLm does not protect
against an establishedM. marinum infection. Fish were
injected with HKLm 2 weeks after an M. marinum
infection (22±6 cfu). No effect on mycobacterial loads
(E) or cumulative end-point mortality (F) was observed.
PBS: n=14, HKLm: n=16. P-values for bacterial loads
were calculated with a two-tailed non-parametric
Mann–Whitney test with GraphPad Prism (A,C,E).
Medians for the experiments are shown.
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estimated that 2-3 billion people are latently infected with Mtb
(World Health Organization, 2016), creating a huge pool of
individuals with a potential to develop an active, transmissive
disease. As current vaccination and antibiotic schemes have proven
insufficient for controlling the global TB epidemic, host-directed
therapies inducing protective immune responses are emerging as a
novel strategy to treat TB (Tobin, 2015). Efficient host-directed
therapies used either alone or in combination with antibiotics are an
approach that could potentially lead to sterilization of TB.
Although genome-wide association studies carried out in humans

have given important clues on the nature of protective immune
responses against TB (Azad et al., 2012; Wilkinson et al., 2000;
Cobat et al., 2009, 2015), animal models are essential for the
execution of more mechanistic studies. The mouse, rabbit and
macaque have been widely used to study TB (Myllymäki et al.,
2015). To the best of our knowledge, spontaneous or induced
sterilizing immunity has not been observed at the organismal level
in mammalian animal models of TB. Clearance of cultivable
mycobacteria occurs in the rabbit model (Subbian et al., 2012).
However, standard bacterial culturing methods only detect the
actively replicating mycobacterial populations, but not dormant
bacteria (Chao and Rubin, 2010), and, in the rabbit, the clearance of
cultivable mycobacteria indicates the establishment of a truly latent
disease instead of sterilization (Subbian et al., 2012). The zebrafish
has recently become a well-accepted genetically tractable vertebrate

model for human TB pathogenesis to complement the more
traditional mammalian models (Myllymäki et al., 2015). In our
previous study, using a qPCR-based method, we were able to see
spontaneous clearance of mycobacterial infection in the zebrafish-
M. marinum infection model in approximately 10% of the fish at 4
wpi (Hammarén et al., 2014). As we observed no clearance at 2 wpi
(Hammarén et al., 2014), spontaneous early clearance (likely
induced by innate mechanisms) in our wild-type zebrafish
population is a rare event. In this current study, we were able to
increase the frequency of sterilizing mycobacterial infection by
priming the innate immune response prior toM. marinum infection.

Our hypothesis was that priming or stimulation of the immune
response in the adult zebrafish before M. marinum infection could
lead to a sterilizing immune response instead of a lethal primary
active disease or a latent infection that is prone to reactivation later in
life (Parikka et al., 2012). By using an array of different priming
agents, we wanted to study whether we could create a climate that
would allow the immune response to circumvent their efficient
virulence strategies and even eradicate the mycobacteria. Priming
approaches have been successful in inducing protective responses
against various other bacterial infections in the fruit fly, Drosophila
melanogaster, which relies solely on innate immunity (Pham et al.,
2007). Indeed, our results showed that sterilizing immunity can be
induced in the M. marinum zebrafish model. In our hands, priming
with HKLm induces a sterilizing response in 25% of M. marinum-

Fig. 5. HKLm priming induces mpeg, tnfα and nos2b expression, downregulates sod2 expression in adult zebrafish and leads to decreased oxygen
consumption in vitro. (A-H) The expression levels of mpeg (A), mpx (B), ifnγ1-1 (C), ifnγ1-2 (D), arg1 (E), tnfα (F), nos2b (G) and sod2 (H) were measured
with qPCR from wild-type fish primed with HKLm or sterile PBS buffer as a control. At 1 day after the priming, the fish were infected with a low dose (67±16 cfu)
of M. marinum. Samples for qPCR analysis were collected at 1 dpi. The results were normalized to uninfected wild-type baseline control. PBS: n=10, HKLm:
n=11. (I) HKLm priming leads to metabolic changes in vitro. RAW264.7 cells were primed with LPS or HKLm and oxygen consumption was measured 19-24 h
after priming. HKLm priming leads to a 1.8-fold decrease (P=0.008) in oxygen consumption compared to control. LPS was used as a positive control
(2.3-fold decrease, P=0.0042). PBS: n=9, LPS: n=7, HKLm: n=9. P-values for all experiments were calculated with a two-tailed non-parametric Mann–Whitney
test with GraphPad Prism. Medians for each experiment are shown. Bonferroni correction was used in C.
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infected fish at 4 wpi, whereas the percentage of spontaneous
clearance was 3.7% in the PBS-primed control group.
The M. marinum-specific qPCR used to quantify bacterial loads

is a sensitive method, with a detection limit of approximately 100
bacterial genomes in the entire fish (Parikka et al., 2012; Hammarén
et al., 2014). The major advantage of a qPCR-based method over
culturing methods is that qPCR detects all bacterial genomes
irrespective of metabolic state so that dormant bacteria are also
detected. An advantage of the zebrafish is that, due to its small size,
all infection target organs can be collected for determination of
bacterial load, which is not practically feasible in larger animals.
Based on the qPCR results, we are able to say that 25% of the wild-
type fish were able to clear the infection, indicating that HKLm
priming indeed increases the frequency of sterilizing immune
response. This model provides tools for elucidating the detailed
mechanisms behind sterilizing immunity against TB.
To study whether the protective effects of HKLm priming require

a functional adaptive immune system, we used rag1 mutant
zebrafish. Although rag1 mutant zebrafish are known to be
hypersusceptible to M. marinum infection due to a failure in the
development of functional T and B cells (Swaim et al., 2006;
Parikka et al., 2012), their bacterial loads were significantly lowered
and even cleared by HKLm priming, suggesting that the protective
response can be mediated by innate immunity alone. The role of
innate immunity is also supported by the significant HKLm-
induced reduction in bacterial loads as early as 2 wpi in wild-type
fish, by which time adaptive responses are only starting to arise in
mycobacterial infections (Andersen and Woodworth, 2014).
Despite the clear involvement of innate responses in HKLm-
induced protective responses in adult fish, the results could not be
reproduced in young zebrafish larvae that have only innate
immunity, probably due to an immature immune response and
technical difficulties to deliver high enough doses of HKLm by
microinjection methods. As adaptive responses are centrally
involved in the pathogenesis of mycobacterial infections, using
the adult zebrafish will likely better model the effects of
immunomodulatory treatments on the immune response as a
whole. On top of the protective effects of HKLm mediated
through innate immunity, an additional level of protection was
observed in the presence of a functional adaptive immune system in
zebrafish. However, the observation that activation of innate
immunity alone by immune priming with HKLm in some cases
was sufficient for induction of a protective or sterilizing immunity
opens new avenues for host-directed therapies or preventive
strategies even in the absence of a fully functional adaptive
immune system, such as in patients with an HIV co-infection.
At the moment, there is no immunotherapy that could cure an

ongoing mycobacterial infection by simply boosting the immune
system. Therefore, wewanted to study whether HKLm could induce
a protective response during an established mycobacterial infection.
A single dose of HKLm was injected 2 weeks after M. marinum
infection, when early granulomas have started to form and are
visible in various organs (Parikka et al., 2012). However, this single
injection of HKLm did not decrease mycobacterial loads at 4 wpi
(Fig. 4E,F). By this time point, M. marinum has already had plenty
of time to exert its early virulence strategies leading to effective
avoidance of the pro-inflammatory host immune response (Elks
et al., 2014; Queval et al., 2016; Bhat et al., 2017; Cambier et al.,
2014). Having gained a foothold within its host, mycobacteria are
not as prone to the effects caused by a single therapeutic injection of
HKLm as they are when entering a primed host. Adult zebrafish
have also been used to model active fulminant TB by infecting

individuals with a high M. marinum dose (Parikka et al., 2012).
Individuals infected with a high M. marinum dose did not benefit
from HKLm priming. The high infection dose of a few thousand
mycobacteria leads to a disease state in which the capacity of the
immune system rapidly becomes saturated, allowing the bacteria to
grow almost logarithmically (Parikka et al., 2012) possibly due to
the limited number of macrophages (Pagán et al., 2015) compared to
the low infection dose; a situation too challenging to overcome even
in the presence of HKLm priming. However, in our preliminary
experiments, we saw that, in addition to priming 1 day prior to
infection, protective effects were still visible when HKLm priming
was delivered 1 week prior to M. marinum infection (Fig. 1C),
suggesting that this type of protective response could be considered
in designing new preventive strategies.

The protective effects of HKLm treatment delivered prior to
infection could be mediated through the induction of trained
immunity. It is known that innate immune cells can mediate an
enhanced immune response upon reinfection with the same
pathogen (Quintin et al., 2012). The innate immune system can
also cross-react with a new pathogen according to previous stimuli
(Kleinnijenhuis et al., 2014). It has been reported that some vaccines
can produce durable cross-protection that cannot be explained by
adaptive responses (Aaby et al., 2014). This type of nonspecific
innate memory is referred to as trained immunity. Mechanisms of
trained immunity have also been shown to be responsible for BCG-
induced by-stander protection against Candida albicans in the
mouse (Van’t Wout et al., 1992). Innate memory is mediated
through reversible epigenetic changes rather than irreversible
genetic recombination seen during the formation of classical
immunological memory in adaptive immune cells and can last for
weeks to months (reviewed by Netea et al., 2016). The effects of
trained immunity in the context of susceptibility to TB is an
interesting area of research and can yield new approaches in the
development of preventive strategies based on innate immunity.

It has been reported that the number of macrophages is critical for
the disease outcome and that macrophage deficiency is connected to
accelerated progression of mycobacterial infection (Pagán et al.,
2015). To assess the effect of HKLm priming on the number of
macrophages and neutrophils, we measured the expression of the
commonly used markers mpeg1 (Ellett et al., 2011) and mpx
(Lieschke et al., 2001), respectively. Based on the expression of
these markers, the number of macrophages was significantly higher
in HKLm-primed fish (P=0.0352), whereas the amount of
neutrophils remained unchanged (Fig. 5A,B). This change seen in
macrophages is potentially mediating the protective response
against mycobacteria.

To decipher the type of protective immune response induced by
HKLm priming, we measured an array of genes related to innate
immune activation in the organs ofM. marinum-infected zebrafish at
1 dpi. In line with in vitro studies on Listeria (Barbuddhe et al., 1998;
Mirkovitch et al., 2006), in vivo priming with HKLm caused a
significant increase in nos2b and tnfαwith a simultaneous decrease in
sod2 expression. nos2b is one of the NO synthases in zebrafish
(Lepiller et al., 2009). NO is known to be mycobacteriocidal
(Nicholson et al., 1996) but, as pathogenic mycobacteria have
developed evasion strategies to inhibit the production of NO (Elks
et al., 2014; Queval et al., 2016; Bhat et al., 2017), the NO levels
naturally induced in Mtb-infected macrophages seem to be
insufficient for lysing mycobacteria (Jung et al., 2013). Thus, the
additional production of Nos caused by HKLm prior to infection
likely potentiates the intracellular killing mechanisms. The beneficial
effects of increased NO in neutrophils (Elks et al., 2013) as well as in
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macrophages (Cambier et al., 2014) during early M. marinum
infection have previously been demonstrated in zebrafish larvae.
Cambier and colleagues showed that virulentmycobacteria avoidNO-
mediated intracellular killing during the early phase of infection by
hiding their TLR ligands under a phthiocerol dimycoceroserate coat
(Cambier et al., 2014). Co-infecting zebrafish larvaewithM.marinum
and Staphylococcus aureus or Pseudomonas aeruginosa leads to
attenuation of mycobacterial infection (Cambier et al., 2014). Also,
co-injection of liveM.marinumwith heat-killedM.marinum orwith a
mutant with exposed TLR ligands caused similar attenuation
(Cambier et al., 2014). It is likely that at least part of the protective
effects caused by HKLm in the adult zebrafish are mediated through
TLR ligands. The component analysis of HKLm suggested that
nucleotideswere important forHKLm-mediated protection againstM.
marinum. TLR9, which recognizes double-stranded DNA and leads
to the induction of Nos2 (Ito et al., 2005), is a receptor potentially
responsible for the protection. However, detailed analysis of the
signaling pathways activated by HKLm treatment was beyond the
scope of this study.
Tnfα is also known to mediate intracellular killing of

mycobacteria by macrophages (Roca and Ramakrishnan, 2013)
and optimal levels of this cytokine have been proposed to lead to
early clearance of TB in humans (Cobat et al., 2015). Studies in
zebrafish larvae have shown that high Tnfα levels alongside high
ROS levels within macrophages, during the early days of
mycobacterial infection, is bactericidal (Roca and Ramakrishnan,
2013). Sod2 is an enzyme that acts through neutralization of
mitochondrial ROS (Pias et al., 2003). Its downregulation by
HKLm should thus cause an increase in mitochondrial ROS, the
high levels of which have been shown to enhance intracellular
killing mechanisms within macrophages (reviewed in Hall et al.,
2014). Recently, in a human population study, a genetic variant
leading to reduced activity of Sod2 was found to be associated with
increased resistance to leprosy, a disease caused byMycobacterium
leprae (Ramos et al., 2016). Therefore, a likely mechanism of
clearing the mycobacterial infection by HKLm priming in the adult
zebrafish model is mediated through increased Tnfα and decreased
Sod2 production that together lead to higher, mycobacteriocidal,
levels of ROS within macrophages.
Roca and Ramakrishnan also showed that, when the expression

of Tnfα is endogenously high, continuously high ROS levels after
the first days of infection lead to excessive inflammation, necrosis
and exacerbation of the disease (Roca and Ramakrishnan, 2013).
This probably also explains the increased mortality with the higher
HKLm dose. With a single small dose of HKLm used in our study,
the effects of the treatment were undoubtedly positive, but it must be
kept in mind that excessive or prolonged induction of Tnfα and ROS
can also have detrimental effects. The dosage of treatment as well as
the genotype of the host, affecting the baseline production of
inflammatory cytokines, will also need to be carefully considered in
the development of host-directed immunomodulatory treatments.
Based on the gene expression data, the changes in the innate

immunity induced by HKLm in the adult zebrafish seem to be
mediated through an increased number and activation of M1-type
macrophages. Recent research on the metabolism of different innate
immune cells has shown that M1 macrophages have decreased
oxygen consumption, and increased glycolysis and lactate
production (Cheng et al., 2014). In our experiments, the oxygen
consumption of mouse macrophages was significantly decreased by
HKLm priming (Fig. 5I), providing a further piece of evidence of
M1 macrophages playing a central role in HKLm-mediated
protection against mycobacterial infection. The result also implies

that the types of activation caused by HKLm in the zebrafish are
similar to those induced in mammalian macrophages.

Overall, we show that protective and even sterilizing immune
responses can be induced in the zebrafish model for TB by priming
with HKLm. The response is induced even in the absence of
adaptive immunity and is accompanied by the increase in the
number of macrophages, the induction of tnfα and nos2b, and the
downregulation of sod2, likely leading to increased production of
radical nitrogen and oxygen species and enhanced intracellular
killing of mycobacteria. Based on our results, it seems that the type
of activation induced by HKLm treatment is only effective when
delivered at an early enough time point prior to exposure to
pathogenic mycobacteria. The model provides a platform in which
both innate and adaptive mechanisms leading to sterilization of
mycobacterial infection can be reliably studied. Such knowledge
will contribute to the development of new vaccination strategies as
well as host-directed therapies aimed at prevention of transmission
and sterilizing treatment of TB disease.

MATERIALS AND METHODS
Zebrafish lines and housing
Adult 5- to 10-month-old male and female AB wild-type zebrafish (Danio
rerio) and rag1−/− (hu1999) mutant zebrafish (from Zebrafish International
Resource Center, University of Oregon, OR, USA) were used in the
experiments. The fish were housed in flow-through water-circulation
systems with a 14 h/10 h light/dark cycle.

Ethics statement
All experiments were conducted according to the Finnish Act on Animal
Experimentation (62/2006) and the Act on the Protection of Animals
Used for Scientific or Educational Purposes (497/2013). ELLA
(Eläinkoelautakunta; the National Animal Experiment Board in Finland
under the Regional State Administrative Agency for Southern Finland)
approved the Tampere zebrafish facility and the animal experiments carried
out in this project under the licenses ESAVI/6407/04.10.03/2012, ESAVI/
8245/04.10.07/2015 and ESAVI/10079/04.10.06/2015.

Experimental M. marinum infections
Mycobacterium marinum (ATCC 927) was first pre-cultured on
Middlebrook 7H10 plates with OADC enrichment (Fisher Scientific, NH,
USA) at 29°C for 1 week. After plate culturing,M. marinumwas transferred
into Middlebrook 7H9 medium with ADC enrichment (Fisher Scientific,
NH, USA) with 0.2% Tween-80 (Sigma-Aldrich, MO, USA), cultured for
3-4 days, diluted 1:10 and cultured for a further 2 days until OD600 nm
reached 0.460-0.650. For adult zebrafish infections, M. marinum was first
harvested by centrifuging for 3 min at 10,000 g and was then resuspended
and diluted in sterile 1× PBSwith 0.3 mg/ml of Phenol Red (Sigma-Aldrich,
MO, USA). A total of 5 µl of the suspension (33±19 cfu/fish) was injected
i.p. with an Omnican 100 30 G insulin needle (Braun, Melsungen,
Germany) under 0.02% 3-aminobenzoic acid ethyl ester (pH 7.0) (Sigma-
Aldrich, MO, USA) anesthesia. Infection doses were verified by plating 5 µl
of the injection suspension on a 7H10 plate.

For larval infections, the M. marinum pTEC15 strain was used. This
in-house-made M. marinum wasabi-fluorescent strain was made by
transforming a pTEC15 plasmid (Addgene plasmid #30174, deposited
by Lalita Ramakrishnan; Takaki et al., 2013) into the M. marinum ATCC
927 strain by electroporation. For larval infections, theM. marinum pTEC15
strain was cultured for 4-5 days in supplemented 7H9 medium with 75 µg/
ml hygromycin (Merck, Darmstadt, Germany), diluted 1:10, cultured for
3 days until the OD600 nm was 0.407-0.537 and harvested for infection by
centrifugation.

Zebrafish larval infection experiments
To study the effect of HKLm priming in zebrafish larvae, 1 nl of HKLm
(240 cfu) or PBS control were injected into the caudal vein at 1 dpf under
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0.0045% 1-phenyl-2-thiourea (Sigma-Aldrich, MO, USA) anesthesia. At
2 dpf the larvae were infected with 1 nl ofM. marinum (39±13 cfu) into the
blood circulation valley, transferred to fresh E3medium and kept at 29°C. At
8 dpi, larvae were collected for DNA extraction with TRI Reagent (Fisher
Scientific, NH, USA). DNA extraction was performed according to the
manufacturer’s instructions, after which M. marinum-specific qPCR was
used to quantify mycobacteria.

For the quantification of pTEC15 fluorescence, 1-dpf wild-type AB
embryos were dechorionated and kept in E3 medium with 0.0045% 1-
phenyl-2-thiourea (Sigma-Aldrich, MO, USA) at 29°C to prevent
pigmentation. A total of 1 nl of wasabi-fluorescent M. marinum
suspension (39±16 cfu) with 0.6 mg/ml of Phenol Red (Sigma-Aldrich,
MO, USA) and 490 cfu of HKLm were microinjected into the blood
circulation valley at 2 dpf with a glass microcapillary.M. marinum infection
doses were verified by plating the injection doses on a 7H10 agar plate. After
infection, the larvae were kept in E3 medium with 0.0045% 1-phenyl-2-
thiourea (Sigma-Aldrich, MO, USA) on 24-well plates at 29°C.

At 7 dpi, larvae were anesthetized with 0.02% 3-aminobenzoic acid ethyl
ester (pH 7.0) (Sigma-Aldrich, MO, USA). The larvae were embedded on
their side in 1% low-melt agarose in E3 medium on black 96-proxiplates
(Perkin-Elmer, MA, USA). Extra E3 medium with the anesthetic was added
on top of the solidified low-melt agarose to prevent the larvae from drying.
The wasabi-fluorescent signal was measured three times using the EnVision
plate reader (Perkin-Elmer, MA, USA) scanning program. The scan
measurement was carried out on five horizontal and five vertical dots
0.5 mm apart from 6.5 mm height with 100% excitation at 493 nm, 509 nm
emission and 500 flashes per point. The fluorescent signals of individual
zebrafish larvae were normalized with the average signal from healthy non-
infected larvae.

Preparation of heat-killed bacteria and priming injections
For the preparation of heat-killed bacteria, L. monocytogenes (10403S),
E. coli (ATCC 25922), S. aureus (ATCC 29213), S. typhimurium (ATCC
14028) and S. iniae (ATCC 29178) were inoculated from glycerol stocks or
blood agar plates and cultured in brain heart broth (BHB) (Sigma-Aldrich,
MO, USA) at 37°C until the OD600 nm reached 0.9-1.0. Bacterial
suspensions were plated on LB agar plates to verify bacterial
concentrations. To heat-kill bacteria, the bacterial suspensions were
autoclaved in BHB at 120°C for 20 min and the sterility was confirmed
by plating on LB plates after autoclaving. Injection doses of heat-killed
bacteria for adult zebrafish were 0.5×107-1×107 cfu. Injection doses for
other priming agents were 13.5 µg/fish for LPS (Sigma-Aldrich, MO,
USA), paclitaxel (Sigma-Aldrich, MO, USA) and zymosan (Sigma-

Aldrich, MO, USA), and 4.5 µg/fish for muramyl-dipeptide (Sigma-
Aldrich, MO, USA). Priming i.p. injections (5 µl) were injected with an
Omnican 100 30 G insulin needle (Braun, Melsungen, Germany) under
0.02% 3-aminobenzoic acid ethyl ester (pH 7.0) anesthesia.

DNase, RNase and proteinase K treatment of HKLm
DNase and RNase treatments were performed for autoclaved L.
monocytogenes in BHB medium. Heat-killed bacterial suspension was
incubated with 10 µg/ml of RNase A (Thermo Fisher Scientific, NH, USA)
at 37°C for 18 h. After RNase treatment, the suspension was treated with
83 U/ml DNase I (Thermo Fisher Scientific, NH, USA) according to the
manufacturer’s instructions. Accordingly, HKLmwas treated with 10 µg/ml
of proteinase K (Thermo Fisher Scientific, NH, USA) at 37°C for 18 h and
inactivated at 70°C for 15 min before injections.

RNA and DNA extractions from zebrafish samples
For RNA and DNA extractions, adult zebrafish were first euthanized with an
overdose of 3-aminobenzoic acid ethyl ester anesthetic and then internal
organs were collected from the body cavity. Organs were homogenized in
TRI Reagent (Thermo Fisher Scientific, NH, USA) with ceramic beads
using the PowerLyzer24 (Mobio, CA, USA) bead beater at 3200 rpm for
3×40 s. Samples were cooled on ice between the cycles. After
homogenization, samples were sonicated for 9 min and the RNA and
DNA were extracted according to the manufacturer’s instructions.

Gene expression studies and quantifyingmycobacterial loads by
qPCR
Prior to qPCR analysis, RNA was treated with DNase I (Thermo Fisher
Scientific, NH, USA) to remove possible traces of genomic DNA according
to the manufacturer’s instructions. After DNase treatment, RNAwas reverse
transcribed into cDNA with a Reverse Transcription kit (Fluidigm, CA,
USA) according to the manufacturer’s instructions. Gene expression was
measured by using SsoFast EvaGreen Supermix with Low ROX qPCR kit
(Bio-Rad, CA, USA) with the CFX96 qPCR system (Bio-Rad, CA, USA).
Zebrafish geneswere normalizedwith expressed repetitive element loopern4
(Vanhauwaert et al., 2014) and compared with the average induction of
pooled baseline sample of healthy non-infected zebrafish. Results were
analyzed using the ΔCt method and are shown as fold induction.

Mycobacterial loads were measured with the SensiFAST SYBRNo-ROX
qPCR kit (Bioline, London, UK) from genomic DNA according to the
manufacturer’s instructions. Each bacterial quantification qPCR run
included standard curve of known amounts of M. marinum DNA. Primer
sequences and gene association numbers are shown in Table 1.

Table 1. Primer pairs used in qPCR

Name Gene Primer sequences (5′-3′)

ifnγ1-2 ZDB-GENE-040629-1 F: GGGCGATCAAGGAAAACGACCC
R: TAGCCTGCCGTCTCTTGCGT

ifnγ1-1 ZDB-GENE-060210-1 F: CCAGGATATTCACTCAGTCAAGGC
R: TGTGGAGGCCCGATAATACACC

loopern4 Expressed repetitive elements F: TGAGCTGAAACTTTACAGACACAT
R: AGACTTTGGTGTCTCCAGAATG

nos2b ZDB-GENE-080916-1 F: TCACCACAAAAGAGCTGGAATTCGG
R: ACGCGCATCAAACAACTGCAAA

sod2 ZDB-GENE-030131-7742 F: GGCCATAAAGCGTGACTTTG
R: GCTGCAATCCTCAATCTTCC

tnf ZDB-GENE-050317-1 F: GGGCAATCAACAAGATGGAAG
R: GCAGCTGATGTGCAAAGACAC

arg1 ZDB-GENE-040724-181 F: TGGGAATAATAGGCGCTCCGTTC
R: TCCTTCACCACACAACCTTGC

mpeg1 ZDB-GENE-081105-5 F: CTTCTGTTTCAGCATCAGCCG
R: ATAAAGCTCCTCCGTGGCTC

mpx ZDB-GENE-030131-9460 F: AACACTGAACTAGCCCGCAA
R: CAACCTATCGCCATCTCGGA

16S–23S ITS Locus AB548718 for M. marinum quantification F: CACCACGAGAAACACTCCAA
R: ACATCCCGAAACCAACAGAG

F, forward; R, reverse.
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Measurement of oxygen consumption in HKLm-primed
RAW264.7 cells
To measure oxygen consumption, RAW264.7 cells (ATCC TIB-71) were
cultured in Dulbecco’s modified Eagle’s medium with 4.5 g/l D-glucose
and L-glutamine (Gibco, Thermo Fisher Scientific, NH, USA)
supplemented with 10% of heat-inactivated fetal bovine serum (Gibco,
Thermo Fisher Scientific, NH, USA) and 100 U/ml penicillin-streptomycin
(Thermo Fisher Scientific, NH, USA) at 37°C with 5% CO2. The cells were
primed either with 50 ng/ml of LPS or HKLm to correspond to an MOI of
530. At 19-24 h later the media was changed to fresh media including
priming agents. A minimum of 30 min later the oxygen consumption from
5 million cells was measured at 37°C in their culture media using a Clark
electrode (Hansatech, UK). Mitochondrial respiration was measured as the
total minus the background oxygen consumption; the latter being
determined by exposing the cell suspension to 150-270 nM of antimycin
A (Sigma-Aldrich, MO, USA), a potent inhibitor of the respiratory chain
complex III.

Statistical analyses
GraphPad Prism software (5.02) was used to carry out statistical analysis. A
non-parametric two-tailed Mann–Whitney test was used to compare
differences between experimental groups. Bonferroni’s post-test was
used to correct P-values for multiple comparisons. P-values smaller than
0.05 were considered as significant. The sample sizes for experimental fish
groups were calculated with power and sample size program (version 3.1.2)
by using data from our preliminary studies (Dupont and Plummer, 1998).

Acknowledgements
We thank Leena Ma kinen, Hanna-Leena Piippo and Jenna Iloma ki for technical
assistance, Timo Kauppila and Johanna Kauppila for discussions on mitochondrial
ROS production, and Jack George for proof-reading the manuscript.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Conceptualization: H.L., M.M.H., E.D., V.P.H., M.P.; Methodology: H.L., M.M.H.,
E.D., V.P.H., M.P.; Validation: H.L., M.M.H.; Formal analysis: H.L., M.M.H., L.-M.V.,
L.K., S.J., B.V.L., E.D., M.P.; Investigation: H.L., M.M.H., L.-M.V., A.S., L.K., S.J.,
B.V.L., M.P.; Resources: H.L., M.M.H., M.R., V.P.H., M.P.; Data curation: H.L.,
M.M.H.; Writing - original draft: H.L., M.M.H., L.-M.V., M.P.; Writing - review& editing:
H.L., M.M.H., L.-M.V., A.S., L.K., S.J., B.V.L., E.D., M.R., V.P.H., M.P.; Visualization:
H.L., M.M.H., L.-M.V., A.S.; Supervision: H.L., M.M.H., V.P.H., M.P.; Project
administration: H.L., M.M.H., M.P.; Funding acquisition: H.L., M.M.H., M.R., V.P.H.,
M.P.

Funding
This work has been supported by the Finnish Cultural Foundation (H.L.), Tampere
Tuberculosis Foundation (H.L., L.-M.V., M.M.H., B.V.L., M.R., M.P.), Foundation of
the Finnish Anti-Tuberculosis Association (Suomen Tuberkuloosin
Vastustamisyhdistyksen Sa a tio ) (H.L., M.M.H., B.V.L., M.P.), Sigrid Jusélius
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FIRST PERSON

First person – Hanna Luukinen

First Person is a series of interviews with the first authors of a
selection of papers published in Disease Models & Mechanisms,
helping early-career researchers promote themselves alongside their
papers. Hanna Luukinen is first author on ‘Priming of innate
antimycobacterial immunity by heat-killed Listeria monocytogenes
induces sterilizing response in the adult zebrafish tuberculosis
model’, published in DMM. Hanna is a PhD student in the lab of
Mataleena Parikka at the University of Tampere, Finland,
investigating the mechanisms behind mycobacterial persistence
both in the context of evading the host immune responses as well
as phenotypic tolerance to antibiotic treatment.

How would you explain the main findings of your paper to
non-scientific family and friends?
When I tell my family and friends that I am doing a PhD on
tuberculosis the discussion quite often changes very quickly to
what we should eat next. Nourishment is an important topic of
course, but if the conversation would continue with my favorite
subject, tuberculosis, there are couple of points I would like to
make. The causative agent of tuberculosis, mycobacterium, is a
master of dampening the immune system and hiding from it, which
has made the bacteria hard to eliminate the bacteria. These evasion
strategies have also affected vaccine development to the point, that
currently, there is no vaccine that is able to protect against the
infection. In this study, we found that with a bacterial booster we
were able to help individuals to cope with mycobacterial infection
and even get rid of this ingenious bacteria. This booster seems to
work via the very basic mechanisms of the immune system. It’s
like margherita pizza – it just works without any additional
toppings.

What are the potential implications of these results for your
field of research?
The World Health Organization (WHO) has set a goal of reducing
tuberculosis deaths by 90% by 2030. Still, it is unknown what
kinds of immune responses are needed to eliminate the pathogen.
Also, conventional antimicrobial treatments for tuberculosis
last several months and multidrug-resistant mycobacteria are
becoming more and more common. Therefore, new therapeutic
and prophylactic treatments are strongly needed. It is likely that
different kinds of responses are beneficial in early, established or
reactivated disease states. Our current study concentrates on the
early responses against mycobacterial infection. Here, we show
that innate immune responses can protect against mycobacterial
infection, through the increased transcription levels of
macrophage-expressed gene 1 (mpeg1), tumor necrosis factor α
(tnfα) and nitric oxide synthase 2b (nos2b) and downregulation of
superoxide dismutase 2 (sod2). Our results can help to give new
ideas on how immune mechanisms should be optimally modulated
in the early mycobacterial infection.

“[…] I am still most amazed by the result
that the protective mechanisms in
mycobacterial infection operate via the
innate immune system in our model.”

What are the main advantages and drawbacks of the model
system you have used as it relates to the disease you are
investigating?
In this study, we used the zebrafish andMycobacterium marinum to
model human tuberculosis. M. marinum is a natural pathogen of
ectothermic animals and with this model, we are able to follow the
natural course of the infection of this host-specific pathogen. M.
marinum causes a granulomatous disease with necrotic granulomas
in adult zebrafish, closely resembling human tuberculosis. Adult
zebrafish has both an innate and adaptive immune system, which
makes them ideal for immunological studies. Zebrafish also develop
fast, produce offspring abundantly, are cheap to maintain and, most
importantly, are the least neuro-physiologically developed
organisms of the known tuberculosis models. However, zebrafish
have anatomical and physiological differences compared to humans
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and lack some commonly used antibody-based techniques, which
affected the study design.

What has surprised you the most while conducting your
research?
Of all surprises we had during this project, I am still most amazed
by the result that the protective mechanisms in mycobacterial
infection operate via the innate immune system in our model. How
beautiful!

Describe what you think is the most significant challenge
impacting your research at this time and how will this be
addressed over the next 10 years?
In my opinion, scientists are just scratching the surface of
understanding mycobacteria and their different lifestyles. It is a
real challenge to fight successfully against this ancient disease.
Tuberculosis is mostly seen in developing countries where
malnutrition and AIDS are serious problems. However, as
people travel around the world actively, I could bet that this
disease, including multidrug-resistant forms of mycobacteria, is
spreading more broadly. It has been noticed on several occasions
that traditional vaccines and treatments are not working perfectly
against mycobacteria. If it were easy to protect against
tuberculosis, an effective treatment would have already been
discovered. I think that the eradication of tuberculosis really
requires thinking outside the box and new experimental
approaches. Hopefully in 10 years, we have made significant
progress.

What’s next for you?
The work with these challenging bacteria continues and if I finish
my PhD while trying to crack the code, it would be great.
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ABSTRACT The complex cell wall and biofilm matrix (ECM) act as key barriers to anti-
biotics in mycobacteria. Here, the ECM and envelope proteins of Mycobacterium mari-
num ATCC 927, a nontuberculous mycobacterial model, were monitored over 3 months
by label-free proteomics and compared with cell surface proteins on planktonic cells to
uncover pathways leading to virulence, tolerance, and persistence. We show that ATCC
927 forms pellicle-type and submerged-type biofilms (PBFs and SBFs, respectively) after
2 weeks and 2 days of growth, respectively, and that the increased CelA1 synthesis in
this strain prevents biofilm formation and leads to reduced rifampicin tolerance. The
proteomic data suggest that specific changes in mycolic acid synthesis (cord factor),
Esx1 secretion, and cell wall adhesins explain the appearance of PBFs as ribbon-like
cords and SBFs as lichen-like structures. A subpopulation of cells resisting 64� MIC
rifampicin (persisters) was detected in both biofilm subtypes and already in 1-week-old
SBFs. The key forces boosting their development could include subtype-dependent
changes in asymmetric cell division, cell wall biogenesis, tricarboxylic acid/glyoxylate
cycle activities, and energy/redox/iron metabolisms. The effect of various ambient oxy-
gen tensions on each cell type and nonclassical protein secretion are likely factors
explaining the majority of the subtype-specific changes. The proteomic findings also
imply that Esx1-type protein secretion is more efficient in planktonic (PL) and PBF cells,
while SBF may prefer both the Esx5 and nonclassical pathways to control virulence and
prolonged viability/persistence. In conclusion, this study reports the first proteomic
insight into aging mycobacterial biofilm ECMs and indicates biofilm subtype-dependent
mechanisms conferring increased adaptive potential and virulence of nontuberculous
mycobacteria.

IMPORTANCE Mycobacteria are naturally resilient, and mycobacterial infections are
notoriously difficult to treat with antibiotics, with biofilm formation being the main
factor complicating the successful treatment of tuberculosis (TB). The present study
shows that nontuberculous Mycobacterium marinum ATCC 927 forms submerged-
and pellicle-type biofilms with lichen- and ribbon-like structures, respectively, as well
as persister cells under the same conditions. We show that both biofilm subtypes
differ in terms of virulence-, tolerance-, and persistence-conferring activities, high-
lighting the fact that both subtypes should be targeted to maximize the power of
antimycobacterial treatment therapies.

KEYWORDS biofilm matrix, biofilms, cell surface proteomics,Mycobacterium marinum,
persistence, tolerance
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Tuberculosis (TB) remains a major global health issue, with approximately 10 million
new cases and 1.4 million deaths in 2019 (1). The causative agent, Mycobacterium

tuberculosis (Mtb), is carried by an estimated one-quarter of the human population as a
latent infection, which has a 5% to 10% lifetime risk of developing into TB disease. In
addition, the emergence of drug-resistant Mtb strains continues to be a public health
threat, with approximately half a million new cases in 2019. Even in the case of drug-
sensitive Mtb strains, the first-line antibiotic treatment requires the use of four antimi-
crobials over a course of at least 6 months (WHO, 2020). Moreover, despite successful
treatment, the recurrence of TB carries a substantial risk, especially among immuno-
compromised patients (2, 3). The heterogeneity of the standard treatment outcome is
also evident in positron emission tomography-computed tomography (PET-CT) images
showing nonresolving and active lesions and the presence of Mtb mRNA in sputum
samples. This suggests that a significant proportion of patients generate viable myco-
bacteria in their lungs even after clinically curative antibiotic treatment (4). In a rabbit
TB model, it was further shown that the caseum of granulomas contains Mtb that is
highly tolerant to most anti-TB drugs (5). The complex mycobacterial cell wall, involv-
ing capsule and outer/inner membranes connected by a dense mycolyl-arabinogalac-
tan-peptidoglycan with high lipid levels, is the main barrier that protects the bacterial
cells against drugs (6). While the mechanisms leading to drug tolerance in TB have
remained poorly understood, biofilm formation was recently indicated as one of the
strategies to increase viability, tolerance, and persistence (7–10).

Biofilm formation is defined as adherent growth within self-produced extracellular
matrix (ECM) consisting of proteins, polysaccharides, and DNA/RNA, and it is the strategy
bacteria use to escape the effects of antibiotics and host defense systems (11–13).
Mycobacteria use phenotypically distinct biofilm subtypes for growth, which physiologically
differ from planktonic-type growth. These include (i) floating/pellicle-type biofilms (PBFs) at
the air-liquid interface having an ECM rich in free mycolic acids (MAs) and with a frequent
cord/ribbon-like appearance, while (ii) submerged-type biofilms (SBFs) show adherent
growth on a solid substratum (11, 14–16). The capsule layer plays a vital role in triggering
biofilm growth in mycobacteria, as Tween 80 (nonionic surfactant) has been shown to
detach the capsule layer and prevent biofilm formation of culture cells (17). Thus, this labile
layer forming the first molecular interaction with the host/environment is likely to involve
key factors contributing to persistence/adaptation and search of anti-TB targets. Although
several studies on mycobacteria have pinpointed cellular pathways and proteins that affect
the capsule/cell wall and biofilm formation (9, 14, 17–25), systematic investigation of the
factors that directly interact with the surrounding environment is necessary to be able to
maximize the power of antimycobacterial treatment therapies.

Mycobacterium marinum (Mmr) has proven to be an excellent alternative model
pathogen for slow-growing Mtb, as it allows for the investigation of TB-like chronic
and latent infections in its natural host, the zebrafish (26–29). Cultured mycobacterial
biofilms have been used to understand resilient bacterial phenotypes emerging in
mycobacterial infections. However, the distinct phenotypic profiles associated with
PBFs and SBFs, including marker proteins discriminating the two biofilm subtypes,
have remained poorly understood. To shed light on the specific attributes linking these
biologically different biofilm subtypes to their phenotypes, we first cultured Mmr strain
ATCC 927 to create in vitro biofilms. These biofilms were then imaged using widefield
deconvolution microscopy (WDeM) to investigate temporal effects on biofilm architec-
tures. Label-free quantitative (LFQ) proteomics was next used to uncover the ECM pro-
teome dynamics in maturing Mmr biofilms and to identify the cell surface proteins
(proteome) on Mmr cells grown in Tween 80, a detergent known to prevent cells from
clumping and forming a biofilm (17). The key proteome findings were validated by
gene overexpression studies to indicate cellulose-dependent biofilm formation as well
as by biofilm killing assays to confirm the formation of persister cells in both biofilm
subtypes. To the best of our knowledge, this is the first study monitoring mycobacterial
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ECM proteomes over 3 months’ time as well as protein and morphological phenotypic
markers for distinguishing defined biofilm subtypes.

RESULTS
SBFs and PBFs show distinct morphological characteristics. The kinetics of de-

velopment and maturation as well as the morphology of mycobacterial PBFs and SBFs
have been reported to differ substantially (8). Here, we first show that that Mmr forms
PBFs at the air-liquid interphase and that SBFs attached to the bottom of the culture
well under the same physiological in vitro conditions after 2 weeks of growth (see
Fig. S1A in the supplemental material). The SBF subtype developed earlier (visible al-
ready after 2 days of culture) than the PBF, which was not clearly distinguishable
before 2 weeks of growth. Next, we investigated the three-dimensional morphology of
Mmr biofilms in more detail by culturing Mmr cells carrying the pTEC27 plasmid with
the tdTomato fluorescent marker gene (29) for 2 and 3 weeks to produce PBFs and
SBFs and analyzing the biofilms by widefield deconvolution microscopy (WDeM).
Figure 1 shows that Mmr forms organized three-dimensional structures with distinctive
subtype-specific morphological features. For the SBF, the structures displayed a lichen-
or moss-like appearance, having tens-of-microns-high feature structures rising from
the biofilm base after 2 weeks (Fig. 1, top). In comparison, the morphology of the PBF
subtype was very different by the first time point, showing flat ribbon-like structures
without any protruding structures (Fig. 1, bottom). Defined, extensive structures in all
dimensions, although less dense than those detected at the 2-week time point, were
found for both biofilm subtypes also after 3 weeks of growth.

Submerged biofilms exhibit the greatest ECM proteome diversity. As the pheno-
typic profiles of PBFs and SBFs are clearly different, their ECM proteomes were next quanti-
tatively monitored and compared during the development and maturation stages. To this
end, the PBF and SBF cells at the points shown in Fig. 2A were subjected to trypsin/Lys-C
digestion as well as liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based
protein identification and LFQ proteomics (all data available via PRIDE with identifier
PXD02010). Logarithmic state planktonic cells (PL_log), representing single-cell cultures,

FIG 1 Mmr biofilms show distinct growth morphologies after 2-weeks of growth. SBFs grow with lichen-like structures, whereas
PBFs have a ribbon-like cords morphology, which becomes more defined with maturation (after 3weeks). The WDeM images are
maximum-intensity projections of 2- and 3-week-old biofilms (a) together with an image where the z position is color coded (b);
frame interval is 2mm.
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were obtained by growing the Mmr strain in the presence of Tween 80. The quality of
each data set was high: 84.7% or all proteins were identified with at least three or more
matching peptides, with an average sequence coverage of approximately 31%, and only
11% of proteins were categorized as single-peptide hits. In addition, a broad overlap in

FIG 2 (A) Workflow depicting the conditions and time points used for preparing the planktonic and
biofilm cells of Mmr. Gray arrows indicate sampling time points for pellicle (PBF) and submerged
(SBF) biofilms. (B) Workflow used for identification of surface proteins associated with planktonic
(PL_log) cells, PBFs, and SBFs. Marker proteins were identified by comparing the raw intensity data,
statistically significant protein abundance changes by pairwise comparisons of the log2-converted LFQ
data, and the protein coabundance patterns by subjecting the LFQ data to imputation and Z-score
normalization. STRING and pathway enrichment analyses were conducted on the selected heat map
clusters and necessary phenotypic assays to validate the key proteome differences.
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protein identifications was detected within the four biological replica samples; 41% to
89% of the proteins were shared by each replicate, with the 2-week PBF and the 3-week
SBF showing the highest variation between replicates (Fig. S1B). Table S1 lists the proteins
detected in at least two of four replica samples. An outlier replicate associated with one of
the SBF identification replica sets at the 3-week time point was excluded from subsequent
data analyses. The numbers of detected proteins were 1,132, 1,957, and 2,133 for the PL,
PBF, and SBF cells, respectively.

Cytoplasmic protein export/release is most efficient in submerged biofilms.
Figure S2A shows the distributions of all identified proteins according to their pre-
dicted secretion motif (Sec/SPII, TatP/SPI, LIPO/SPII, and type VII secretion [T7SS];
SecretomeP) and the number of transmembrane spanning domains (TMDs). The most
notable differences were detected for membrane proteins with six to ten TMDs as well
as in the number of cytoplasmic proteins. Nearly 2-fold more trehalose dimycolate
(TDM) proteins were detected from the PL cells than from the biofilm cells. In contrast,
2-fold more cytoplasmic proteins predicted to be exported out of the cells via a non-
classical route (SecretomeP) were identified from the biofilm ECMs (n, 300) in compari-
son to that from the PL cells (n, 150). For many of these proteins, a secondary function
as a moonlighting protein (30) was indicated (Table S1). In addition, more than 900,
1,600, and 1,800 cytoplasmic proteins identified in the PL, PBF, and SBF cells, respec-
tively, contained no motifs for classical or nonclassical secretion and were assigned
here as “others” (Table S1).

Most significant protein abundance changes specific to planktonic and biofilm
cells. The Venn diagram in Fig. S2B indicates the highest number of specifically identi-
fied proteins in the SBFs (n, 173) and the lowest in the PBFs (n, 16), while no unique
identifications were detected for the PL cells. The uniquely detected proteins with the
highest raw intensity values included a signal transduction-associated serine/threo-
nine-protein kinase (PknL), an LGFP-repeat protein specific to SBFs, and a b-1,3-endo-
glucanase and bacterioferritin BfrA specific to PBFs (see Table S2). The proteins
detected with the highest intensity values and only in the biofilm ECMs included an
error-prone polymerase DinB, a preprotein sec-translocase subunit YajC, a cytochrome
P-450 monooxygenase, a PE family immunogen, and a signal transduction-related ade-
nylate cyclase involved in cyclic di-AMP biosynthesis (Table S2).

Next, the log2 transformed MaxLFQ data were subjected to pairwise comparisons to
indicate statistically significant protein abundance changes (see Table S3). Figure 3
shows the greatest growth mode- and time-dependent fold changes related to the PL
versus biofilm cells, PBF versus SBF cells, and each biofilm subtype at different time
points. Comparison of the PL and both biofilm cells at their first time points of growth
(PBF_2w and SBF_2d) indicated the most prominent changes for PPE family proteins
(e.g., PPE61) and enzymes involved in cell envelope biogenesis/metabolism (MurE,
CwlM, cutinase, and CelA1). Among these, the PPE61 immunogen was ca. 6,000- and
1,800-times more abundant on the PL cells than on the PBF_2w and SBF_2d cells,
respectively. CelA1, a b-1,4-cellobiohydrolase known to prevent biofilm growth in
Mycobacterium smegmatis and Mtb (11, 18, 19), was detected with 50- and 130-fold
higher abundances on the PL cells than on the PBFs at the 1-week time point and the
SBFs at the 2-day time point, respectively (Table S3).

Comparison of the PBF_2w and SBF_2d cells indicated Esx1-associated virulence factors
(i.e., EspF, EspA/EspE, and ESAT-6) and PPE family immunogens as 30- to 130-fold more
abundant from the PBF than from the SBF cells; meanwhile, tricarboxylic acid (TCA)/glyoxy-
late cycle-associated isocitrate lyase (ICL1) was .200-fold more produced by the SBF than
the PBF cells. After 12weeks, the proteins more abundant in the SBF than in the PBF
included an LppP/LprE lipoprotein (ca. 16-fold), HemD involved in the synthesis of vitamin
B12 (ca. 15-fold), FadD29 contributing to the synthesis of phenolic glycolipids (;13-fold),
b-lactamase able to hydrolase b-lactam antibiotics (ca. 9-fold), and ICL1 catalyzing the
glyoxylate shunt-mediated activities (ca. 8-fold). More abundant proteins in the PBF at this
time point were identified as a polysaccharide (N-acetylmuramic acid [MurNAc]) deacetylase
PdaC (ca. 15-fold) and a translocase subunit, SecE (ca. 11-fold).
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FIG 3 Most significant protein abundance fold changes between the indicated cell types at selected time points. The log2-transformed LFQ
data were analyzed using Student’s t test with permutation-based FDR adjustment. In two top panels, the fold change is times 1,000.
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In the PBF, an MPB64 immunogen, siderophore export accessory protein MmpS5,
several Esx1-associated proteins (EspA/EspE and EspF) and adhesins (Ala-Pro-Ala-rich
protein APA and fibronectin-binding protein FAP) displayed the most significant abun-
dance decreases at the 12-week time point. In the SBFs, these proteins included a
large-conductance mechanosensitive channel protein, Msc, a membrane protein acting
as the cells’ safety valve to relieve osmotic pressure, arabinosyltransferases EmbA and
EmbB, the Esx1-associated EspA/EspE, and the MycP1 protease. Proteins with the
greatest abundance changes after 12weeks in the SBFs included mammalian entry
proteins (MCEs) and an a-1,4-glucan:maltose-1-phosphate maltosyltransferase.

Decreased CelA1 synthesis is also required for biofilm formation in M. marinum.
As our findings suggest that a lack of CelA could also promote biofilm formation of
Mmr, we tested this hypothesis by overexpressing the celA1 gene in an Mmr strain
equipped with pTEC27 with the tdTomato fluorescent marker (29). First, the celA1
expression level in the transformed Mmr strain was confirmed by quantitative PCR
(qPCR), indicating ca. 150-times higher celA1 transcription than in the control strain
carrying an empty pTEC27 (Fig. 4A). Then we analyzed the morphology of both the
SBFs and PBFs after 2 weeks using the CelA1 strain with WDeM. As seen in Fig. 4B, the
CelA1 strain showed altered morphology compared to that of the Mmr with pTEC27
(wild-type [WT] control strain). After 2 weeks of growth, the CelA1 strain SBF showed a
less defined/loss of the lichen-like morphology and lower total thickness than the SBF
control with pTEC27. Similarly, CelA1 overproduction in Mmr resulted in disrupted and
fuzzy ribbon-like cords associated with PBF-type biofilm growth, as the PBF cells with
pTEC27 had well-defined and tight ribbon-like structures.

CelA1 expression was recently linked with biofilm formation, antibiotic tolerance,
and virulence in Mtb (9). Therefore, Mmr cells in planktonic and biofilm forms with/
without CelA1 overexpression were also exposed to rifampicin to determine the MIC
and minimum bactericidal concentration (MBC) for this bactericidal first-line TB drug.
Figure 4C shows that in both the planktonic and biofilm cultures, CelA1 overexpression
decreased the MIC and MBC, with a clear impact on 2-day-old and 4-day-old biofilms.
These results indicate that CelA1 in Mmr impedes biofilm formation and increases the
susceptibility of the residing cells to rifampicin.

Functional pathways specifically induced in planktonic and biofilm cells. The
LFQ proteomic data were next subjected to a principal-component analysis (PCA) for
comparing growth mode- and time-dependent protein abundance patterns in the PL
cells and aging biofilms. The PCA in Fig. 5A shows clear clustering for each data set
except for replicates associated with 2-week-old PBF proteomes, which show greater
variation. PC1, separating the samples according to the growth mode, explains 15% of
the total variation, while 39% (PC2) of the variation can be explained by the age of the
culture. The 2-day-old SBF proteomes formed a clearly distinguishable cluster, while
the PL proteomes and proteomes associated with the PBFs between the 2- and 4-week
time points showed close clustering. Although the SBF and PBF proteomes differed
greatly within the first 4 weeks of growth, these biofilm subtypes appeared to undergo
similar proteome changes during the later stages of growth, as proteomes of both sub-
types clustered more closely at the 12-week time point. Notably, PBFs during the first
weeks (2 to 3 weeks) of growth shared a more similar ECM proteome with that of the
PL cells than that of the SBFs under the same conditions.

Next, a multisample test (analysis of variance [ANOVA]) was conducted on the normalized
LFQ intensity data to investigate growth mode-dependent proteome differences at time
points between 2 days and 3 months. A dendrogram/heat map in Fig. 5B shows hierarchically
clustered coabundance data for 690 proteins having a statistically significant abundance
change in at least one of the conditions tested (see Table S4). Six major clusters were clearly
distinguished, among which cluster 1 (n, 375) and cluster 6 (n, 125) contained the greatest
number of proteins, with higher abundances in 1- to 4-week-old SBFs (cluster 1) and 2-day- to
2-week-old SBFs (cluster 6), respectively. STRING (Search Tool for the Retrieval of Interacting
Genes/Proteins) enrichment analyses performed on both clusters (see Table S5) indicated
the greatest changes for pathways coordinating cell envelope biogenesis/metabolism,
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FIG 4 (A) Comparison of relative transcript abundance for celA1 between the Mmr-CelA1 overexpression strain and the Mmr control strain
with pTEC27 (WT). The CelA1 overexpression levels were normalized to the expression level of CelA1 in the WT control. The data were
obtained from two technical replicates from two different bacterial clones. The bars represent the standard deviations. CelA1 expression was
normalized to the amount of Mmr DNA in each sample. (B) CelA1 overexpression disrupts the biofilm development and the formation of the
subtype-specific growth morphologies. The WDeM images are maximum-intensity projections of the 2-week-old Mmr control biofilms

(Continued on next page)
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energy metabolism, and protein secretion/export. Figure 6A shows a protein-protein inter-
action (PPI) network for cluster 1 proteins: (i) cytoplasmic proteins with a primary function
in amino acid biosynthesis (e.g., Gly, Asp, Tyr, Arg, His, Thr, Ser, Lys, and Phe), purine/pyrim-
idine metabolism (e.g., PyrG, PurD/L/H, and GuaB), and stress response (HrcA, ClpC/X,
DnaJ, HtpG, AhpC, SodC, RecA, and Trx), (ii) proteins involved in cell wall/outer layer and
mycomembrane biogenesis/metabolism (e.g., PknA/B, Weg31, CwsA, CwlM, PbpA1a, EmbA/
B, KasA, DesA1/2, PpsA/B/D, PcaA, and Fad enzymes), (iii) components of the respiratory
electron transport chain (SDH, FMR, and Qcr complex) and ATP synthesis (F1Fo ATP synthase
complex), and (iv) proteins involved in iron storage/homeostasis (ferritin). The PPI network
analysis of the cluster 6 proteins indicated the enrichment of metabolic activities related to
translation (ribosomal proteins/r proteins), stress response (GroEL/ES, GrpE, DnaK, TF, and
ClpB) and the TCA/glyoxylate cycle (e.g., CitA, ICL1, fructose-bisphosphate aldolase [FBA],
and GlcB) (Fig. 6B).

Clusters 2, 4, and 5 (n, 144) share coabundance patterns, which indicate increased pro-
tein abundances during the first weeks of growth in the PBFs compared to that in the
SBFs. These contain virulence-, invasion-, and viability/persistence-related proteins, such as
EsxA/B, ESX-EspB/G/M/P/N, Esx5 secretion-associated protease MycP, cutinase (Cut), a lyso-
phospholipase (YtpA), endopeptidase (Lon), heparin binding hemagglutinin (HbhA), and fi-
bronectin binding (Apa), catalase-peroxidase (KatG), and mammalian entry proteins
(MCEs). Cytoplasmic proteins were also detected in these clusters (e.g., ICL2, aconitase
[ACN], enolase [ENO], glyceraldehyde-3-phosphate dehydrogenase [GAPDH], GPD, Tpi,
PGK, malate dehydrogenase [MDH], ClpP1/2, CpsA/D, Trp, Cys, Met, and an 18-kDa b-CA),
but their composition differs clearly from those in clusters 1 and 6. In addition, cluster 2
contains virulence-associated ESAT-6-like proteins, TDM-cord factor synthesis-associated
Ag85A/C (mycolyltransferases), and an MPT64 immunogen, with higher overall abundan-
cies in the PL and PBF cells than in the SBFs. The remaining cluster 3 (n, 47) differs from
the other five by proteins with its overall higher abundancies in the PL cells and/or in 4- to
12-week-old PBFs than in the SBFs at the same time points. One of these was identified as
a potential trehalase (A0A2Z5YJK7_MYCMR), a glycoside hydrolase that catalyzes the con-
version of trehalose to glucose, which had a high abundancy in 4- and 12-week-old PBFs.

The protein identifications most relevant to biofilm growth and viability identifica-
tions are listed in Table S6 according to their predicted functions. The major growth
mode-dependent changes associate with the following five functional groups: (i) secre-
tion mechanisms, virulence, and adherence; (ii) cell wall/membrane/lipid biogenesis and
metabolism and biofilm formation; (iii) stress response; (iv) TCA/glyoxylate cycles and
carbohydrate metabolism; and (v) maintaining redox balance and energy metabolism.
An additional schematic model of the mycobacterial cell envelope in Fig. 7 illustrates the
key proteome changes relevant to the PL-, SBF-, and PBF-type growth of Mmr.

Time-kill curve analysis for indicating persister cells in maturing biofilms. As
growth mode-dependent differences imply higher persistence/tolerance-associated
activities in biofilms than in planktonic cultures, we next validated these findings by
exposing both the planktonic and biofilm cells to rifampicin and monitored cell death
using a time-kill curve analysis. This method enables the demonstration of an overall
slower killing efficacy for tolerant populations or a bimodal time-kill curve that indi-
cates the presence of a persistent bacterial subpopulation (31, 32).

First, we used a bacterial killing assay with bioluminescence as a readout to quantify the
tolerance/persistence in the planktonic cultures and 2-week-old biofilms. The planktonic and
biofilm cells were treated with 400mg ml21 rifampicin (64� MIC), and the rate of bacterial

FIG 4 Legend (Continued)
(pTEC27, WT) and the Mmr-CelA1 cultures (a), together with color coded by z position images (b). Frame interval is 2mm. (C) The MIC/MBC
of rifampicin is reduced in both the PL and biofilms formed with the CelA1 overexpressing strain compared to that in the Mmr control
cultures (PTEC27, WT). Rifampicin was added to the liquid cultures 2, 4, 7, and 14 days after the start of the culture. Ten microliters per
sample (in triplicates) was plated 7 days after the addition of rifampicin, and CFU were counted 7 days thereafter. One hundred CFU per
sample was used as the cutoff limit for bacterial growth. The experiment was carried out three times. The figure shows a representative
experiment. 2, no growth; 1, bacterial growth; UNT, untreated.
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FIG 5 (A) PCA analysis of all detected proteins (based on LFQ intensities excluding one SBF_3w outlier), with PC1 and PC2 indicating
growth mode- and time point-dependent changes. (B) Hierarchical clustering of proteins (complete linkage; n, 690) with significantly
changed expression profiles. Color intensity: red and green indicate higher and lower protein abundances, respectively.
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killing was monitored for 7 days. The use of bioluminescence as a readout for killing biofilm-
associated bacteria was also assessed using an optical density at 600 nm (OD600)-based
method (see Fig. S3A). The time-kill curve for the biofilm population was bimodal, showing
the faster killing of a susceptible subpopulation followed by slower killing of a persistent
subpopulation of cells (Fig. 8A). These results indicate that Mmr biofilms harbor significantly
more persister cells than logarithmic phase planktonic populations.

Next, the development of persistence in the biofilms was monitored by killing 2-
day-, 4-day-, and 1-week-old biofilm cells with 64� MIC rifampicin. Analysis of the
time-kill curves showed that persistence increased gradually in the maturing biofilms,
reaching a statistically significant increase in 1-week-old biofilms compared to that in
the planktonic cells (P = 0.0002) (Fig. 8B). In untreated biofilms, the bioluminescence
signal level continued to increase well past the 1-week time point, showing that the
biofilm-associated mycobacterial population was replicating and/or metabolically
active at this stage (Fig. S3B). This indicates that increased persistence is not (mainly)
caused by the induction of dormancy or metabolic inactivity. According to our experi-
mental settings, PBFs form later than SBFs and are visually detectable only after 2
weeks. Thus, these data show that a substantial persister subpopulation develops in
SBFs by the first week of biofilm development.

To test if the formation of persister cells differs between the two biofilm subtypes, PBFs
and SBFs were collected separately and tested with the time-kill assay under 64� MIC rifam-
picin. After 7 days, the time-kill curves indicated no significant differences in the rates of per-
sistence between the 2-week-old pellicle and submerged biofilms (P = 0.51) (Fig. 8C). Thus,
our results indicate that the proportion of persisters is greater in .1-week-old Mmr biofilms

FIG 6 (A) PPI network analysis of cluster 1 proteins (Fig. 5B) with higher abundancies on SBFs between 2 and 4 weeks. Number (no.) of nodes, 368; no. of
edges, 3,256; PPI enrichment, P , 1.0e216. (B) PPI network analysis of cluster 6 proteins with higher abundancies in SBFs between 2 days and 2weeks.
Proteins were clustered using MCL with the inflation parameter set to 4.0 (cluster 6) and 6.0 (cluster 1). No. of nodes, 155; no. of edges, 3,024; PPI
enrichment, P , 1.0e216. Circles indicate the most enriched protein interactions.
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than in logarithmic planktonic cell populations and that the biofilm-associated persistence
increases over time.

DISCUSSION
Mmr grows in morphologically distinct biofilm subtypes in vitro. A recent study

confirmed that Mtb forms biofilm-like communities in vivo, which confers increased

FIG 7 Schematic model of the Mmr cell envelope with key protein abundance changes specific to PL, PBF, and SBF cells. Colored arrows pointing up/down
refer to protein abundances/abundance changes within the indicated cell sample types (green, PL; blue, PBFs; red, SBFs). MA, mycolic acids; cMAs,
cyclopropanated mycolic acids; TDM/TMM, trehalose-6,6-dimycolate/trehalose monomycolate; PDIM/PGL, phthiocerol dimycocerosates/phenolic glycolipids.
C, cytoplasm; IM, inner membrane; PP, periplasmic space; AG, arabinogalactan; PG, peptidoglycan; MM, mycomembrane; ECM, extracellular matrix.
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FIG 8 The proportion of persistent bacterial cells increases in Mmr biofilms. Time-kill curve analysis
was performed by culturing biofilms from 2 days to 2 weeks and treating the bacteria with 400mg
ml21 rifampicin. The killing kinetics were monitored for 7 days by measuring the bioluminescence
signal produced by Lux-Mmr daily. (A) Logarithmic growth phase planktonic cells and 2-week-old
biofilm Mmr were treated with 400mg ml21 of rifampicin. The time-kill curves of the planktonic and
biofilm-associated bacteria were significantly different (P , 0.0034, log rank test). The means and

(Continued on next page)
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tolerance to rifampicin and thus provides an explanation for the chronic nature of TB
(11). The present study shows that Mmr grows in two different biofilm subtypes and
that reduced CelA1 hydrolase activity is one of the main triggers of biofilm growth and
increased tolerance to rifampicin in both biofilm subtypes. Studies on Mtb and M.
smegmatis have demonstrated that cellulose filaments are vital structural constituents
of mycobacterial biofilm ECMs as well as essential for biofilm formation and the devel-
opment of tolerance/persistence (9, 11, 18, 19). We also show that the Mmr biofilm
subtypes show distinct morphologies, with SBFs containing lichen-like structures and
PBFs consisting of ribbon-like cords under the same in vitro conditions. Biofilm growth
accompanied by cording-like growth morphology is also reported for other mycobac-
teria and Mtb, in which the surface interactions mediated by, e.g., mycolic acids modu-
lating the mycomembrane/capsule hydrophobicity (11, 33). The proteomic data pre-
sented here suggest that subtype-specific changes in cord factor TDM synthesis
(mycolyltransferase Ag85), Esx1 secretion, phthiocerol dimycocerosate (PDIM) export
(MmpL7), MA cyclopropanation (PcaA/Cma2), and lectin synthesis (33–37) may have
affected the mycomembrane composition and thereby contributed to distinct biofilm
growth morphologies in Mmr.

Mmr may use membrane vesicles to deliver proteins in the biofilm ECM. The
LFQ proteomics identified cytoplasmic proteins and proteins associated with the inner
membrane/mycomembrane as the largest protein group in both the planktonic and
biofilm cells. These findings are supported by studies identifying cytoplasmic proteins
in the capsule of another Mmr strain (E11) and by showing that their number increases
when mycobacterial cells grow in the biofilms, as demonstrated for Mycobacterium
bovis (17, 20). Membrane vesiculation is the most likely explanation for their presence
on Mmr cells and within the biofilm ECM, as several reports have demonstrated the
presence of membrane vesicles (MVs) on mycobacterial cells (38) as well as trapped in
biofilm ECMs in other bacteria (39). In addition, several of the cytoplasmic and inner
membrane/mycomembrane proteins detected here, including, e.g., enzymes involved
in cell wall synthesis and lipid/fatty acid metabolism, were previously identified in MVs
released by Mycobacterium avium 104 in response to starvation (40). Mycobacteria
have been shown to form MVs from mycomembrane (mMV) during normal growth
(cell lysis/death) and/or from the inner membrane (iMV) by blebbing in response to
stress (e.g., iron limitation and anoxia) (38). This report supports the idea that the iden-
tified mycomembrane/inner membrane proteins could have also entered the biofilm
ECMs by MVs in our study. We further propose that CwlM, an N-acetylmuramoyl-L-ala-
nine amidase (41, 42), detected in 1-week-old SBFs, is involved in this process, as weak-
ening the link between the mycomembrane and peptidoglycan has been suggested to
stimulate MV blebbing in the mycobacteria (38). Taken together, these findings may
explain why more cytoplasmic proteins were detected in this biofilm subtype, as the
maturing biofilm cells grow under reduced oxygen tension and anoxia is one of the
factors able to trigger membrane vesiculation.

Bacterial MVs are involved in, i.e., cell-cell communication, biofilm formation, viru-
lence, antibiotic resistance, iron scavenging, nutrient acquisition, and modulating the
host immune system (43). We detected several cytoplasmic proteins involved in signal
transduction (e.g., PknL specific to SBFs and an adenylate cyclase detected only in bio-
film ECMs) and enzymes involved in biofilm formation. GroEL1 and fatty-acid synthase
system (FAS-I and FAS-II) enzymes were among the detected proteins that coordinate

FIG 8 Legend (Continued)
standard errors of the means (SEMs) from three biological replicates are shown. (B) In biofilms,
persistence increases over time and is significantly higher after 1 week than that in planktonic
bacteria (P = 0.0002, log rank test). Planktonic culture and 2-day-old biofilm show similar killing
curves. Means and SEMs from three biological replicates are shown. (C) Two-week-old PBFs and SBFs
were tested separately for persistence. The two different biofilm types show no difference in their
persistence levels (P = 0.51, log rank test). Means and SEMs from three biological replicates are
shown.
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biofilm formation in mycobacteria. The GroEL1 chaperone is involved in the synthesis
of mycolic acids (MAs) that eventually become inserted in the mycomembrane as tre-
halose dimycolates (TDMs) and monomycolates (TMMs) beneath the capsule (14, 21).
This chaperone interacts with ketoacyl-acyl carrier protein (ACP) synthase KasA (FAS-II)
to modulate the synthesis of short-chain MAs specifically during biofilm formation (21).
A lack of GroEL1 has been reported to prevent the biofilm formation and to affect the
biosynthesis and composition of MAs in Mycobacterium bovis BCG, whereas the GroEL1
deficiency blocks the formation of mature biofilms of M. smegmatis (21, 24). In addi-
tion, the overexpression of KasA and the inactivation of other FAS-II enzymes, such as
enoyl-ACP reductase (InhA) and 3-oxoacyl-[acyl-carrier-protein] synthase 2 (KasB), have
also been reported to prevent biofilm formation and formation of cords by reducing
the cyclopropanation of MAs (14, 21, 25). Here, GroEL1, KasA, and InhA were detected
as more abundant in the SBFs, implying that these enzymes could support the initial
stages of SBF-type biofilm growth, as GroEL and KasA were detected with the highest
abundancies already in the 2-day-old SBFs.

Although no cell lysis was seen during the sample preparation for proteomic analy-
sis (see Table S7 in the supplemental material), we cannot exclude the possibility that
some of the cytoplasmic or inner membrane/mycomembrane proteins were released
by autolysis during growth. In other Gram-positive bacteria, cytoplasmic proteins reach
the extracellular space via regulated autolysis (involving autolysins/peptidoglycan hy-
drolases), and as soon as the pH of the culture medium drops (due to the active me-
tabolism of the growing cells), many of the released proteins show an enhanced ability
to bind to the cell wall and biofilm ECM structures (43–48). SBF cells are exposed to
hypoxic conditions, and oxygen limitation acidifies the biofilm matrix (48), allowing for
a more efficient interaction between the cytoplasmic proteins and biofilm ECM struc-
tures. Thus, this could explain the presence of r proteins as the largest cytoplasmic pro-
tein group already in 2-day-old SBFs; the strong positive charge of these proteins has
been proposed to mediate electrostatic interactions with anionic cell surface compo-
nents, which promotes cell aggregation and biofilm stabilization (48). Since the exposed
mycomembranes with MAs as the major components create a condition stimulating an
interaction with many cytoplasmic proteins, pH-dependent binding with the cell surface
components could also explain why cytoplasmic proteins were detected in Mmr cells
grown on Tween 80.

Biofilm subtypes differ in terms of secreted virulence and adhesion factors. The
proteomics data indicated that the mycomembrane-associated PPE/PE family proteins
were remarkably greater in number in the PL cells than in the PBFs or SBFs, indicating
that Mmr in a single-cell state could more readily interact with the host and modulate
the host immune response and/or nutrient transport (49, 50). PL cells were cultured in
the presence of Tween 80, which, in detaching the mycobacterial capsule (17), most
likely helped identify these immunogens. Tween 80 can also induce alterations in the
morphology, pathogenicity, and virulence of mycobacteria (51). For example, genes
encoding lipases and cutinases have been shown to be significantly upregulated in
Mtb in response to this nonionic surfactant. Our data are in line with this by showing
that several lipases/cutinases, with a likely ability to hydrolyze Tween 80, were more
abundant in PL cells than in biofilms. As Tween 80 is considered to mimic a lipid-rich
milieu of macrophages (51), the detected PL proteome changes here may reflect a
metabolic adaption to conditions faced in vivo.

Our findings also suggest that Mmr uses different T7SS pathways in SBFs and PBFs
for virulence and adherence. For example, the Esx1 secretion components and sub-
strates (EsxA/B, EspB, EspF, EccA1, EspG1, EspH, EspL, and MycP) were detected as
more abundant in the PBFs, while those associated with Esx5-type secretion were over-
all more abundant in the SBFs (Ecc, EspG, and PPE/PE proteins). Both secretion path-
ways can contribute to virulence and subverting the host immune system in Mtb (52).
The major subtype-dependent differences between the PBFs and SBFs were related to
invasion and adherence, including the MCE proteins, fibronectin-binding APA, and

Mycobacterium marinum Cell-Surface Proteome Profiling

May/June 2021 Volume 6 Issue 3 e00500-21 msystems.asm.org 15

D
ow

nl
oa

de
d

fr
om

ht
tp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/m

sy
st

em
s

on
28

Ju
ne

20
22

by
85

.7
6.

72
.1

05
.

https://msystems.asm.org


HphA, which can modulate host cell signaling as well as aid adhesion or entry into
host cells (53–55). All these proteins were significantly more produced by the PBFs
than the SBFs, and, in the case of MCEs, may also involve MVs, as these adhesins are
located on the inner membrane of the mycobacterial cell wall. HphA also has implica-
tions in promoting cell-cell aggregation in Mtb (56), suggesting that this adhesin could
also contribute to cording during PBF-type growth.

Biofilm subtypes use different tolerance- and persistence-conferring mechanisms.
Tolerance is defined as the extent of time that bacteria can survive in the presence of a
high antibiotic concentration (31), whereas persisters are a subpopulation of pheno-
typically drug-tolerant cells that do not grow in the presence of an antibiotic (32). We
show that antibiotic killing of biofilm cells occurs at a significantly lower rate than for
PL cells. The time-kill curve indicated the temporally increased formation of a persis-
tent subpopulation with slower killing kinetics as well as the formation of persisters in
SBFs already after 1 week. At this stage, Mmr biofilms remained metabolically active
and replicating, indicating that persistence develops due to phenotypic differentiation
during biofilm growth rather than via the induction of dormancy.

The proteomic findings suggest that Mmr could use both overlapping and subtype-
specific mechanisms for increasing its tolerance and persistence, in which MVs or other
nonclassical routes for protein export may play a role. Here, most significant proteome
changes related to cytoplasmic and inner membrane/mycomembrane proteins and
included enzymes/proteins involved in the TCA cycle and glyoxylate shunt, mycolic
acid synthesis stress response, and energy and redox metabolisms. A recent transcrip-
tome analysis of another nontuberculous mycobacterial model, Mycobacterium absces-
sus, supports our findings; biofilm growth activated the glyoxylate shunt, redox metab-
olism, and the MA synthesis-associated elongation and desaturation pathways. The
TCA cycle-associated enzyme CitA was recently reported to control the asymmetric cell
division in Caulobacter crescentus (57). This process has also been shown in mycobacte-
ria to lead to the formation of heterogenous cell populations in biofilms, macrophages,
and granulomatous lesions (7, 58, 59). Here, our findings indicated the presence of this
enzyme in 1-week-old SBFs, suggesting that asymmetric cell division occurs before the
PBFs are formed. Moreover, arabinosyltransferases EmbA and EmbB, involved in the
polymerization of arabinogalactan, were also detected with high abundances in SBFs
by 1 week onward, suggesting that strengthening the arabinogalactan could further
help residing cells, including the persisters, increase their tolerance to rifampicin, as
demonstrated with Mtb persisters under hypoxia (60). Taken together, these findings
strengthen the hypothesis that persisters are indeed formed in 1-week-old SBFs and
support the results obtained with the biofilm killing assay in SBFs at this time point.

We also suggest that cells in PBFs use different TCA cycle enzymes, such as aconi-
tase (ACN), malate dehydrogenase (MDH), enolase (ENO), and/or fructose-bisphos-
phate aldolase (FBA), to maintain long-term survival. In other Gram-positive bacteria,
these enzymes belong to known moonlighting proteins with established secondary
roles outside the bacterial cell (e.g., adhesion) (30). In mycobacteria, these enzymes
have been reported to contribute to increased viability or persistence (61–63). The
associated glyoxylate shunt could also be involved (64), as isocitrate lyase 1 (ICL1) was
detected as more abundant in the SBFs, implying that this enzyme could help residing
cells increase their antioxidant defense and antibiotic tolerance (65). In contrast, ICL2
was produced more in the PBFs, which may help the cells to survive under starvation
conditions when fatty acids are used as the primary carbon source (66). This is in line
with the temporally increased production of diacylglycerol O-acyltransferase (Tgs1) in
PBFs, which can promote the accumulation of triacylglycerols (TAGs), a process that
has been considered a hallmark feature of persisting Mtb/latent TB and a long-term
energy source for Mtb and has been found in substantial amounts in the mycobacterial
cell wall (67, 68). The detection of trehalase as significantly more abundant in 4- to 12-
week-old PBFs strengthens the idea that cells within this biofilm subtype suffer from
nutrient stress and activate trehalose salvage/recycling to promote redox and energy
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homeostasis, as seen under carbon limitations in Mtb (69). These findings may also
explain the detection of proteases, chaperones, and assisting stress proteins in high
numbers in the biofilm ECMs, including, e.g., the proteases Clp/Lon and the cold shock
protein CpsD, with known implications in stringent response, persistence, and/or post-
antibiotic recovery (70–72). These proteins were detected here as more abundant in
the PBFs than in the SBFs, implying that these pathways are preferred in PBFs to main-
tain viability.

A recent study comparing high numbers of persister Mtb mutants using genomics
and transcriptomics indicated a significant upregulation of energy production path-
ways and pathways involved in redox reactions (oxidoreductase) (73). The ECM pro-
teome changes occurring during SBF-type growth are in line with this report, as the
components of the respiratory electron transfer chain (cytochrome bc1 complex, cyto-
chrome c terminal oxidase, and FoF1 ATPase synthase) were detected as more abun-
dant in the SBFs facing more hypoxic conditions than in the PBFs. Our findings also
agree with previous reports showing that the electron transfer chain is essential for
maintaining ATP homeostasis and the viability of nonreplicating/persistent Mtb cells
under hypoxia (74–76). In addition, we show that both redox and iron metabolism
could also play a biofilm subtype-specific role in helping the cells cope with hypoxia/
aeration-related stress (77); several oxidoreductases, thioredoxin, and a superoxide dis-
mutase (SOD) were overall more abundant in the SBFs, and a catalase-peroxidase
(KatG) and alkyl hydroxyperoxidases (AhpCF) were more abundant in the PBFs. These
enzymes have been shown to protect Mtb against oxidative stress by the reduction of
superoxide radicals into less toxic intermediates for inhibiting autophagy, apoptosis,
and cellular damage (78). Iron-storing proteins ferritin (BfrB) and bacterioferritin (BfrA)
can confer increased redox resistance to Mtb and protect the cells against oxidative
stress and hypoxia, respectively (79). Here, these iron-storing proteins displayed biofilm
subtype-specific abundance changes, implying that SBFs could rely on BfrB to cope
with hypoxia and PBFs could rely on BrfA to help cells grow at the air-liquid interface.

Conclusions. The present study reports an in-depth view of ECM proteome changes
occurring in Mmr ATCC 927 during biofilm growth in vitro from 2 days to 3 months. We
show that this nontuberculous mycobacterial model forms SBFs already after 2 days,
whereas the formation of detectable PBFs was observed after 2 weeks of growth in the ab-
sence of Tween 80. Both biofilm subtypes were formed physically under the same condi-
tions with clearly distinct growth morphologies: SBFs with lichen-like structures and PBFs
with ribbon-like cords. We show that reduced CelA1-mediated cellulose hydrolysis is neces-
sary to establish proper biofilm growth, growth morphology, and increased tolerance to
rifampicin for both biofilm subtypes. The formation of persisters in both biofilm subtypes
and increased tolerance were further confirmed by the newly established bioluminescence-
based time-kill assay, which provides an effective tool for quantifying tolerance and persist-
ence of Mmr. The proteomic findings imply that subtype-dependent changes in MA synthe-
sis and modification, Esx1-type secretion, and the production of specific adhesins were the
major drivers of distinct biofilm growth morphologies. We also propose that pathways asso-
ciated with MA biosynthesis, development of tolerance/persistence, and oxidative/redox
stress are differentially used in PBFs and SBFs to maintain prolonged viability. Possible
explanations for these differences include the different oxygen tensions encountered by the
biofilm subtypes, differences in membrane vesiculation activities, and/or other nonclassical
pathways for protein export. Taken together, this is the first study reporting on ECM pro-
teome dynamics in maturing mycobacterial biofilms and predicting biofilm subtype-specific
changes in cell-cell communication, biofilm matrix formation, virulence, and tolerance/per-
sistence. This is also the first time that the kinetics of persistence have been explicitly meas-
ured frommycobacterial biofilms.

MATERIALS ANDMETHODS
Preparing bacterial cells for surface proteomics. Mycobacterium marinum (ATCC 927) with the

pTEC27 plasmid expressing the red fluorescent protein tdTomato (Addgene number 30182, http://n2t
.net/addgene:30182) (29) was precultured on Middlebrook 7H10 plates with 10% (vol/vol) oleic albumin
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dextrose catalase (OADC) enrichment (Fisher Scientific, NH, USA) and 0.5% (vol/vol) glycerol at 29°C for 1
week. For planktonic cultures, an inoculum of Mmr was transferred into a Middlebrook 7H9 medium
supplemented with 10% (vol/vol) ADC (Fisher Scientific, NH, USA), 0.2% (vol/vol) glycerol, and 0.2% (vol/
vol) Tween 80 (Sigma-Aldrich, MO, USA), and the cells were cultured at 29°C in cell culture flasks with fil-
ter caps. After 3 days of incubation, the cell cultures were diluted to obtain an OD600 of 0.042, and the
dilutions were cultured for an additional 2 days at 29°C until harvesting. For the biofilm cultures, a
Middlebrook 7H9 medium with the ADC growth supplement but without Tween 80 or glycerol was
used. The inoculum was cultured for 3 days at 29°C until the OD600 reached 0.45. The cell cultures were
diluted 1:40, and the dilutions were divided into 10-ml aliquots. The cap of each tube was sealed with
Parafilm M laboratory wrapping film, and the cultures were incubated at 29°C. Planktonic and biofilm
cell samples (SBFs and PBFs separately) were collected at the time points indicated in Fig. 2A. All the
cultures were performed in quadruplicates. Planktonic cells were harvested by centrifugation (3min,
5,000 � g, 4°C), and the pelleted cells were suspended gently in ice-cold buffer (100mM bis-Tris, pH 6.5)
to remove interfering/nonspecifically bound proteins. This step prevents the detachment/removal of
cytoplasmic moonlighters bound to the cell surfaces/biofilm ECM (43–46, 79, 80). The PBFs were col-
lected with an inoculation loop, the extra medium was removed by pipetting to avoid cross-biofilm-type
contamination, and the SBFs were harvested by pipetting/scraping. The PBFs and SBFs were collected in
separate Eppendorf tubes in ice-cold buffer (100mM bis-Tris, pH 6.5). Cells (planktonic and biofilm cul-
tures) were pelleted by centrifugation (3min, 5,000 � g, 4°C), and the washed cells were suspended
gently in 95ml of 100mM triethylammonium bicarbonate (TEAB; pH 8.5) for the enzymatic shaving
reaction.

Trypsin/Lys-C shaving of planktonic and biofilm cells. Peptides from cell surface/biofilm ECM-
associated proteins were released via a trypsin/Lys-C mix (Promega) at a final concentration of 50 ng
ml21, and the digestions were incubated at 37°C for 20 min. The method was validated by counting the
number of colonies formed by the planktonic/single and biofilm cells treated with/without the enzyme
mix (see Table S7 in the supplemental material). The released peptides and the enzymes were recovered
by filtration through a 0.2-mm acetate membrane (Costar Spin-X centrifuge tube filter; Corning Inc.,
Corning, NY, USA) by centrifugation (8,000 � g, 3min, 20°C). Flowthroughs were incubated for 16 h at
37°C. The concentration of released peptides in each sample was measured with a NanoDrop 2000 spec-
trophotometer (Thermo Scientific). Digestions were terminated with 0.6% (vol/vol) trifluoroacetic acid
(TFA) (Sigma-Aldrich), and the peptides were purified using ZipTip C18 (Millipore) according to the manu-
facturer’s instructions and dried using a miVac centrifugal vacuum concentrator (Genevac).

LC-MS/MS analysis. The peptides were dissolved in 0.1% (vol/vol) formic acid (FA) and analyzed
with nanoscale LC-MS/MS using an Easy-nLC 1000 nano-LC system (Thermo Scientific) coupled with a
quadrupole Orbitrap mass spectrometer (Q Exactive; ThermoElectron, Bremen, Germany) as previously
reported (80). The obtained MS raw data were processed via MaxQuant software (version v.1.6.1.0) with
the built-in search engine Andromeda (81, 82), using a protein database comprising all 5,564 Mmr pro-
tein sequences (UniProt proteome up000257451, genome accession PEDF01000000), both forward and
reverse. Carbamidomethyl (C) was set as fixed, and methionine oxidation was set as a variable modifica-
tion. Tolerance was set to 20 ppm in the first search and 4.5 ppm in the main search. Trypsin without the
proline restriction enzyme option and with two allowed miscleavages was used. The minimal unique
plus1 razor peptide number was set to 1, the false-discovery rate (FDR) was set to 0.01 (1%) for peptide
and protein identification, and LFQ with default settings was used. The mass spectrometry proteomics
data were deposited in the ProteomeXchange Consortium via the PRIDE (83) partner repository with the
data set identifier PXD02010.

Proteome statistics and bioinformatics. The identified Mmr proteins were manually curated by
characterizing hypothetical and tentatively annotated proteins with the aid of the Basic Local Alignment
Search Tool (BLAST) program from the National Center for Biotechnology Information (NCBI) (84–86)
combined with CDD/SPARCLE conserved domain identification (87) and SmartBLAST (UniProt) searches.
General protein functions were annotated using the Gene Ontology (GO) database (88). Isoelectric
points (pIs) and molecular weights (MWs) for the identified proteins were predicted using EMBOSS
Pepstats (89) at https://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/. The presence of possible pro-
tein secretion motifs (classical and nonclassical) for all the predicted and identified proteins was
obtained with SignalP4.1 (90) (http://www.cbs.dtu.dk/services/SignalP/) and SecretomeP 2.0/SecP (91)
(http://www.cbs.dtu.dk/services/SecretomeP/). The presence of transmembrane spanning domains/heli-
ces (TMDs) was determined with the TMHMM Server v. 2.0 at http://www.cbs.dtu.dk/services/TMHMM/
(92, 93) for the identified proteins.

For indicating statistically significant abundance changes, the log2-transformed LFQ data were ana-
lyzed in Perseus v.1.6.2.3 (94) using a Student’s t test with permutation-based FDR adjustment. For the
multivariate analyses, the missing values were replaced by imputed values from the normal distribution
(width, 0.3; down shift, 1.8) and then normalized (Z-score) prior to ANOVA for multisample testing (S0
set to 0.1 and a permutation-based FDR of 5%) and hierarchical clustering/PCA. STRING protein interac-
tion network and functional enrichment analyses (GO, KEGG, InterPro, and Pham) were studied using
the STRING database v. 11 (95). Interaction scores were set to high (0.700) confidence, and the interact-
ing proteins were clustered using Markov clustering (MCL) with the inflation parameter set to 4.0 to 6.0.
Functional enrichments were statistically assessed with both rank- and gene set-based approaches (FDR
of 0.05).

Creation of the CelA1 overexpression construct in Mmr. The Mmr CelA1 overexpression strain
was created by ordering the MMAR_0107 open reading frame in the pUC57 vector with appropriate
restriction sites from GenScript and subcloning the construct into the pTEC27 vector (Addgene) (29),
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which carries the red fluorescent protein tdTomato. The sequence of the plasmid was confirmed by
sequencing. The resulting plasmid was transformed into an electrocompetent Mmr ATCC 927 strain.
Transformants were selected on Middlebrook 7H10 agar plates containing 10% (vol/vol) OADC enrich-
ment, 0.5% (vol/vol) glycerol, and 75mg ml21 hygromycin.

RNA and DNA extractions. For RNA and DNA extractions, the celA1 overexpression strain and Mmr
were precultured on Middlebrook 7H10 plates and transferred into the Middlebrook 7H9 medium
described above (75mg ml21 hygromycin for the CelA1 strain). After 3 days, the bacterial cells were har-
vested, pelleted, and homogenized in TRI reagent (Thermo Fisher Scientific, NH, USA) with ceramic
beads using a PowerLyzer24 (MO BIO, CA, USA). After homogenization, the samples were sonicated for 9
min, and the RNA and DNA were extracted according to the manufacturer’s instructions.

celA1 expression and the quantification of mycobacterial loads by qPCR. Prior to qPCR analysis,
RNA was reverse transcribed into cDNA with a reverse transcription kit (Fluidigm, CA, USA) according to the
manufacturer’s instructions. celA1 expression was measured using soFast EvaGreen supermix with the low ROX
qPCR kit (Bio-Rad, CA, USA) and the CFX96 qPCR system (Bio-Rad). The primers used for celA1 were (forward)
59-ACACTCCGCAGTCCTACT-39 and (reverse) 59-TAGAGCGTCAGAATCGGC-39. The number of mycobacterial
cells in the sample was quantified using the SensiFAST SYBR no-ROX qPCR kit (Bioline, London, UK) on bacterial
DNA according to the manufacturer’s instructions. The primers used for Mmr quantification were targeted
against the 16S-23S locus AB548718 (forward, 59-CACCACGAGAAACACTCCAA-39; reverse, 59-CACCACG
AGAAACACTCCAA-39). Each bacterial quantification qPCR run included a standard curve of the known amounts
of Mmr DNA. The mycobacterial cell number in each sample was used to normalize celA1 expression.

Widefield deconvolution microscopy of Mmr biofilms. PBFs and SBFs formed by Mmr with
pTEC27 (WT), expressing the red fluorescent protein tdTomato (29), and Mmr overexpressing CelA1
were prepared as follows. Briefly, the cells were incubated at 29°C, and the surface-attached cells were
imaged at 7, 14, and 21days after dilution. In situ imaging of the SBFs was conducted with Nikon FN1
upright epifluorescence microscope equipped with a 20�/0.8 dry lens objective, Hamamatsu ORCA-
Flash4.0 V3 digital complementary metal-oxide-semiconductor (CMOS) camera, and CoolLED pE-4000
light source. tdTomato was excited with a 550-nm light-emitting diose (LED), and fluorescence was col-
lected with a 617/73 band-pass emission filter. Image stacks were collected with 2-mm intervals (x-y pixel
size, 325nm). The data were deconvolved with Huygens Essential deconvolution software (SVI, Amsterdam,
Netherlands) using a 200-iteration limit, signal-to-noise ratio of 30, and quality threshold of 0.01.

Biofilm tolerance assays. The role of CelA1 overexpression in the antibiotic tolerance of Mmr was
assessed as follows. First, the celA1 overexpression strain and pTEC27 control strain were cultured for 1
week on 7H10 plates (10% OADC and 0.5% glycerol plus 75mg ml21 hygromycin) and then transferred
in a Middlebrook 7H9 medium supplemented with 10% ADC and 75mg ml21 hygromycin) at an OD600 of
0.1 to initiate biofilm growth. Aliquots of bacterial suspension (192ml per well) were added to 96-well-
plates in triplicates, sealed with parafilm, and incubated at 29°C in the dark. Planktonic cultures grown in
the presence of 0.2% (vol/vol) Tween 80 were used as controls. Eight microliters of antibiotics per well
was added 2, 4, 7, and 14days after the start of the liquid culture. The final antibiotic concentrations
used were 400, 100, 25, and 6.25mg ml21 for the rifampicin TOKU-E solution. Untreated wells were used
as controls. Ten microliters per sample was plated on 7H9 plates (10% OADC, 75mg ml21 hygromycin) 1
week after the addition of antibiotics. The plates were incubated at 29°C for 7 to 9 days, and the colonies
were counted.

Biofilm persistence assays. Mmr (ATCC 927) with a bioluminescence cassette in the pMV306hsp1
LuxG13 plasmid was used for antibiotic tolerance assays. pMV306hsp1LuxG13 was provided by Brian
Robertson and Siouxsie Wiles (Addgene plasmid number 26161; http://n2t.net/addgene:26161). To mea-
sure the kinetics of bacterial killing, the bioluminescent Mmr strain was first cultured on Middlebrook
7H10 agar (Sigma-Aldrich) supplemented with 0.5% (vol/vol) glycerol (Sigma-Aldrich) and 10% (vol/vol)
OADC enrichment (Becton, Dickinson) at 29°C for 7 days in the dark. To initiate biofilm formation, the
Mmr cells were suspended in Middlebrook 7H9 broth (Sigma-Aldrich) supplemented with 10% (vol/vol)
ADC enrichment (Becton, Dickinson) at a starting OD600 of 0.1. Planktonic cultures were prepared in the
same way except that the medium contained 0.2% (vol/vol) glycerol (Sigma-Aldrich) and 0.2% (vol/vol)
Tween 80 (Sigma-Aldrich). Bacterial suspensions (192 ml per well in triplicates) were divided into white
96-well plates (Perkin Elmer). The biofilm cultures were sealed with laboratory film and incubated at 29°
C in the dark to the desired ages. Rifampicin solution (TOKU-E) in water at a final concentration of
400mg ml21 corresponding to 64� MIC was added to the bacterial suspensions and incubated for 7
days at 29°C in the dark. The bioluminescence signal was measured with an EnVision plate reader
(Perkin Elmer) as a readout for bacterial survival three times for 3 s per well daily from a white 96-well
plate for 7 days. The background signal from medium-only wells was first subtracted from the sample
wells, and an average of the three measurements normalized with the starting bioluminescence signal
was used to draw time-kill curves of the bacterial population in the biofilms at different maturation
stages.

To compare the level of persistence/tolerance in the PBFs and SBFs, Mmr was cultured in a total vol-
ume of 10ml at the starting OD600 value of 0.1. After 2 weeks, the biofilms were collected separately
from the tubes by lifting the pellicle with a 1-ml inoculation loop coupled with careful pipetting. The pel-
licle and submerged biofilms were centrifuged at 10,000 � g for 3 min, the supernatants were collected,
and the wet weight of the bacterial mass was measured. The bacterial cells were suspended into previ-
ously collected spent medium at the concentration of 15mg ml21, vortexed briefly, and divided into
white 96-well plates (Perkin Elmer) with 192 ml of cell suspension per well in triplicates. Eight microliters
of TOKU-E solution at a final concentration of 400mg ml21 was pipetted into the bacterial suspension.
Liquid cultures were incubated for 7 days at 29°C in the dark, and the bioluminescence signal was
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measured daily with an EnVision plate reader (Perkin Elmer) three times for 3 s per well. The background
signal from the medium-only wells was first subtracted from the sample wells, and an average of the
three measurements was normalized with the starting bioluminescence signal measured just before
adding the rifampicin. The statistical significance of the differences between the time-kill curves was
tested with a log rank test using Prism5 software (GraphPad).
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