
Selective autophagy in host defense against mycobacterial infection
Zhang, R.

Citation
Zhang, R. (2018, November 8). Selective autophagy in host defense against mycobacterial
infection. Retrieved from https://hdl.handle.net/1887/66789
 
Version: Not Applicable (or Unknown)

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/66789
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/66789


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/66789 holds various files of this Leiden University 
dissertation. 
 
Author: Zhang, R. 
Title: Selective autophagy in host defense against mycobacterial infection 
Issue Date: 2018-11-08 
 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/66789
https://openaccess.leidenuniv.nl/handle/1887/1�


161 
 

 

 

 

 

 

 

Chapter 5 

 

 

Summary and discussion 

 

 

 

 

 

 



162 
 

The effective treatment of tuberculosis (TB) remains a significant challenge. Drug-resistant 

Mycobacterium tuberculosis (Mtb) strains and co-infection with HIV increase the problem of 

controlling TB. Thus, under the current situation, it is essential to develop effective treatment 

strategies for Mtb infections. A bottleneck in TB treatment is the long-term residence of 

bacteria inside organized structures of immune cells, called granulomas 1. The traditional 

antibiotics cannot sufficiently penetrate into granulomas and therefore lengthly antibiotic 

treatment regimes are required to eradicate the infection. Poor patient compliance with such 

antibiotic therapy results in a rise of multidrug-resistant Mtb strains. Host-directed therapies 

can help to overcome the limitations of direct anti-bacterial therapies. However, the 

development of host-directed therapies requires a complete understanding of the interaction 

between the host and invading pathogens to identify host processes that can be targeted. A 

useful tool for such studies is the zebrafish model for TB. Zebrafish can be infected with 

Mycobacterium marinum (Mm), which is closely related to Mtb and causes similar disease 

characteristics. Importantly, the early life stages of the zebrafish (embryos and larvae) provide 

access to the earliest steps in the host-pathogen interaction that lead to the initiation of 

granulomas 2, 3. 

Mtb is an intracellular pathogen which mainly resides inside immune cells, predominantly 

macrophages. Thus, increasing the cell’s capability to kill Mtb is a valid approach to restrict TB 

disease progression. Autophagy is a lysosomal degradation process and substantial 

experimental evidence has demonstrated that autophagy is an important host immune defense 

mechanism against mycobacterial infection 4-6. Work in our laboratory has shown that the 

autophagy modulator Dram1 is activated downstream of mycobacterial recognition by the 

TLR/MyD88/NFkB pathway to activate autophagy and restrict mycobacterial infection 5. 

Overexpression of zebrafish dram1 increased autophagic targeting of mycobacteria and resulted 

in lower bacterial burdens. The autophagic control of infection by Dram1 required the selective 

autophagy receptor p62 and the cytosolic DNA sensor STING. In this thesis, we further explore 

the function of Dram1 in zebrafish host defense against mycobacterial infection. Furthermore, 

we study the role of the selective autophagy receptors p62 and Optineurin in this defense 

mechanism.  



163 
 

DRAM1 has been identified and characterized as a lysosomal membrane protein by Crighton et 

al. in 2006. Expression of DRAM1 is induced by DNA damage and its expression is regulated by 

tumour suppressor factor p53 7.  It has been reported that DRAM1 functions as a regulator of 

autophagy and apoptosis in the context of diverse cellular processes, such as immunity, and 

cellular differentiation 8. In addition to its link with TB 5, DRAM 1 has also been implicated in 

several other diseases, including HIV and several forms of cancer 9-11. Until now, 5 DRAM family 

members have been identified and partially characterized. They are DRAM1, DRAM2/TMEM77, 

DRAM3/TMEM150B, DRAM4/TMEM150C and DRAM5/TMEM150A. DRAM2 is most closely 

related to DRAM1 among the DRAM family members. Like DRAM1, DRAM2 is also involved in 

cell death and autophagy in response to cellular stress factors. Furthermore, DRAM2 has also 

been implicated in TB and cancer 12, 13. The expression of DRAM3 has been detected in a broad 

range of normal tissues and tumour cells. It has been demonstrated that DRAM3 regulates 

autophagic flux and cell survival in response to starvation 14. DRAM4 and DRAM5 have been 

identified as DRAM family members in an in silico study. DRAM4 could be detected at the 

plasma membrane but is primarily localized at lysosomes 15. DRAM5 can form a complex with PI 

4-kinase type IIIα (PI4KIIIα) at the plasma membrane to control the  production of 

phosphatidylinositol 4,5-biphosphate PI(4,5)P2 
15. A potential role for DRAM4 and DRAM5 in 

regulation of autophagy or cell death has not been investigated yet. Thus, the function of these 

two DRAM family members requires further elucidation. In summary, DRAM family members 

play an important role in regulating cellular process in response to diverse stress factors and 

they are highly conserved from zebrafish, to mouse to human. We speculate that other DRAM 

family members, besides DRAM1 and DRAM2, could also be involved in host defense 

mechanisms (Chapter 1). Among all Dram family members in zebrafish, dram1 is one that is 

most abundantly expressed in the immune cells of larvae and its expression is strongly induced 

by infection. Furthermore, our previous work had shown that increasing Dram1 activity can 

protect zebrafish larvae against Mm infection, based on which we proposed DRAM1 as a 

potential target for host-directed TB therapy 5. Therefore, the studies in this thesis were focused 

on further elucidating the role of dram1 in the zebrafish model for TB. 
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Dram1 is required to restrict mycobacterial infection in lysosomal 

compartments and to prevent lytic cell death of infected macrophages  

Using CRISPR/Cas9 technology we generated loss-of-function mutant alleles of zebrafish dram1 

to study its function during host defense against mycobacterial infection. Based on confocal 

image analysis we concluded that macrophages in dram1 mutants fail to restrict Mm inside 

lysosomal compartments, which eventually results in cell death of the infected macrophages 

and excessive growth of extracellular mycobacteria. Furthermore, we demonstrated that the 

macrophage cell death in dram1 mutants occurs in a Caspase 1 dependent manner (Chapter 2).  

The lysosomal protein Dram1 promotes the maturation of autophagosomes by facilitating their 

fusion with lysosomes 5, 16. In absence of Dram1, this process is affected, which can explain the 

reduced acidification of Mm-containing vesicles (Chapter 2). On a molecular level, DRAM2 has 

been reported to interact with the Beclin1-VPS34-UVRAG complex to facilitate the displacement 

of Rubicon in order to promote the maturation of autophagosomes 12. Given the large degree of 

similarity in protein structure between DRAM1 and DRAM2 17, 18, we speculate that Dram1 

might utilize a similar mechanism as DRAM2 in mediating autophagosome maturation.  

Mycobacteria-infected macrophages can undergo at least three general types of cell death: 

apoptosis, necrosis/necroptosis and pyroptosis 19. Apoptosis is a non-lytic form of cell death, 

which avoids activation of an inflammatory response. This means that intracellular 

mycobacteria are encapsulated within the apoptotic envelope until the remains of the 

apoptotic cell are phagocytIosed by newly recruited macrophages 20-22. Since uncontrolled 

extracellular growth of the bacteria is avoided during apoptosis of infected macrophages, this 

type of cell death is generally considered as host beneficial. Necrosis and pyroptosis, on the 

other hand, are lytic forms of cell death, meaning that the bacterial content of dying infected 

macrophages ends up in the extracellular environment. While necrosis is an ‘accidental’ form 

of cell death, this type of cell death can also occur as a regulated process, referred to as 

necroptosis. Pyroptosis is another regulated form of lytic cell death that is characterized by 

the formation of gasdermin pores in the cell membrane 23. Pyroptosis is usually dependent 
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on caspase 1 activation and triggers an inflammatory response 24. In this study, we found that 

Dram1 deficiency leads to impaired maturation of mycobacteria-containing vesicles, ultimately 

resulting in caspase 1 dependent cell death and extracellular overgrowth of bacteria. An 

important remaining question is how the reduced acidification of mycobacteria-containing 

vesicles in dram1 mutants is related to the initiation of pyroptotic cell death in mycobacteria-

containing macrophages. This question will need to be addressed in future studies. Other follow 

up studies regarding the molecular function of Dram1 in host defense should focus on 

identifying the interaction partners of Dram1/DRAM1 during homeostasis and infection. 

Collectively, with the analysis of dram1 mutants presented in this thesis we have provided new 

evidence for the function for Dram1 in maturation  of mycobacteria-containing vesicles, and 

have uncovered a link between this process and the control of cell survival versus the initiation 

of programmed cell death (Fig1). 

 

Figure 1: Schematic representation of a macrophage restricting mycobacterial infection via autophagic defense in 

Wild type and Dram1 deficient larvae (Figure on next page)  

1. The invading mycobacteria are phagocytosed by macrophages and detected by pattern recognition receptors, 

such as Toll-like receptors (TLRs). During phagocytosis, mycobacteria are captured in phagosomes. 

2. Whether the mycobacteria-containing phagosome matures into a bactericidal phagolysosome is a crucial factor 

in the outcome of infection. a) The phagosome fuses with a lysosome to degrade mycobacteria. b) However, 

mycobacteria have evolved diverse mechanisms to prevent fusion between phagosomes and lysosomes, such as 

the ESX-1 secretion system that facilitates mycobacterial escape from phagosomes. In the absence of the lysosomal 

protein Dram1, fusion between phagosomes and lysosomes is impaired, which contributes to mycobacterial escape 

from phagosomes 

3. A proportion of mycobacteria have escaped from the phagosome into the cytosol. Their presence in the cytosol 

can be sensed and results in ubiquitination of mycobacteria. The DNA damage regulated autophagy modulator 1 

(Dram1) activates selective autophagy against ubiquitinated mycobacteria. During this process, the ubiquitin 

receptors p62 and Optineurin are involved in the delivery of ubiquitinated mycobacteria to autophagosomes. The 

sequestered mycobacteria will be degraded in autophagolysosomes. However, the targeting of mycobacteria by 

autophagy is affected in the absence of Dram1 and the formation of autophagolysosomes is impaired. 

4. Mycobacterial infection is temporarily restricted inside macrophages to avoid the dissemination of the infection. 

However, the mycobacteria are not effectively restricted by macrophages in Dram1-deficient larvae, which leads to 

pyroptotic cell death and extracellular overgrowth of mycobacteria.  
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Dram1 deficiency affects gene expression of metabolic signaling pathways  

In chapter 2 of this thesis, we described that Dram1 deficiency did not significantly affect 

autophagy activity and cell death under basal, uninfected  conditions. To better understand the 

function of Dram1 during homeostasis and mycobacterial infection, we performed RNA deep 

sequencing to analyse the transcriptomes of infected and uninfected dram1 mutants and wild 

type sibling (Chapter 3). Under uninfected conditions, we found that the proteasome, ribosome, 

mitochondria, and polymerase pathways were affected to a relatively minor extent due to the 

absence of Dram1. This suggests that dram1 mutants have deficiencies or alterations in these 

metabolic pathways. However, these metabolic alterations did not have a detectable impact on 

embryo and larval development. Furthermore, we found that Dram1 deficiency does not affect 

survival or fertility in adult zebrafish (Chapter 2). Taken together, we propose that the main 

function of Dram1/DRAM1 lies in facilitating an appropriate response to certain cellular stress 

factors, while its functions are somewhat redundant under homeostatic conditions (Chapter 2 

and Chapter 3).  

Indeed, during mycobacterial infection various gene expression pathways were significantly 

changed in Dram1-deficient larvae compared with wild type individuals. Specifically, we found 

that gene expression of regulators of necroptotic and pyroptotic cell death (hsp90 and caspa) 

was significantly altered in dram1 mutants compared to wild type larvae infected with the same 

dose of mycobacteria. In contrast, while expression of caspase 8 and caspase 9 was slightly 

altered, we detected no differences in regulation of apoptosis effector genes in response to 

infection between infected dram1+/+ and dram1∆19n/∆19n larvae. The analysis of the 

transcriptomics data confirmed our previous results that macrophages of Dram1-deficient 

larvae are more likely to undergo pyroptotic cell death when infected with mycobacteria 

(Chapter 2). While we have not addressed this experimentally yet, the results suggest that 

Dram1-deficient macrophages are more likely to undergo necroptosis in response to 

mycobacterial infection as well. Previously, it has been shown that DRAM1 mediates cell death 

of HIV-infected T-cells via lysosomal membrane permeabilization 9, and it would be interesting 

to investigate whether this is also the case in mycobacteria-infected macrophages. This could 



168 
 

potentially present a direct link between the reduced acidification of mycobacteria-containing 

vesicles and initiation of lytic cell death in infected Dram1-deficient macrophages.  

We found that the gene expression of TLRs was also significantly altered in infected dram1 

mutant larvae compared to infected wild types. The expression of the plasma membrane 

receptor tlr2 was reduced in the absence of Dram1, while the expression of the endosomal 

receptors tlr3 and tlr9 was significantly increased in Dram1 deficient larvae during 

mycobacterial infection 25, 26. This differential expression of pattern recognition receptors might 

reflect the increased extracellular localization of mycobacteria in the absence of Dram1, which 

potentially results in adjustments in the expression of plasma membrane and endosomal TLRs. 

For instance, we speculate that Tlr2 molecules on the plasma membrane are continuously 

recognizing extracellular mycobacteria, which can result in down regulation of tlr2 itself as a 

negative feedback loop. Collectively, we have demonstrated that Dram1 affects transcriptional 

regulation of metabolic processes; promotes maturation of mycobacteriacontaining vesicles; is 

required to prevent lytic cell death of macrophages in response to mycobacterial infection; and 

affects Toll-like receptor recognition of mycobacteria (Chapters 2 and 3). 

The selective autophagy receptors Optineurin and p62 are required for 

autophagic targeting of mycobacteria 

Recently, the relevance of autophagic defense mechanisms in host immune responses against 

Mtb infection has been challenged 27, 28. These reports propose that Mtb utilises virulence 

mechanisms to suppress autophagic defense mechanisms and that a potential host beneficial 

function of autophagy factors depends on their role in other processes. Furthermore, mutation 

of the selective autophagy receptor p62 in mice did not affect the outcome of Mtb infection in 

this work 27. In contrast, other studies in mice and zebrafish demonstrated that p62 is required 

for autophagic targeting of mycobacteria in vitro and in vivo 4, 5. Here, we made zebrafish 

CRISPR/Cas9 loss-of-function mutants of p62 and another selective autophagy receptor, 

Optineurin, which, like p62, shows induced gene expression during Mm infection in our model. 

We found that both p62 and Optineurin restrict mycobacterial growth by sequestering 
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ubiquitinated bacteria to Lc3-positive vesicles (Chapter 4). Our findings provide in vivo 

confirmation of the importance of selective autophagy as an innate immune defense 

mechanism against intracellular mycobacterial pathogens. To the best of our knowledge, this is 

also the first time that a host protective function for Optineurin has been shown in defense 

against mycobacterial infection (Chapter 4).  

Since a combined silencing of p62 and Optineurin did not have an additive effect on the 

mycobacterial burden compared to single mutation of p62 or Optineurin, we suspect that these 

receptors are part of the same defense pathway and are mutually dependent in promoting 

autophagic targeting of ubiquitinated cytosolic mycobacteria. Overexpression of either p62 or 

Optineurin increased host resistance to mycobacterial infection. To further investigate a 

potential mutual dependent relationship for these ubiquitin-binding receptors, it will be 

interesting to overexpress p62 in the Optineurin knock out situation and vice versa. If the two 

receptors truly depend on each other for their host protective effect, overexpression of one of 

the two will not have a beneficial effect in the absence of the other.   

Optineurin and p62 have also been linked to the regulation of cell death 29, 30. Another 

important question stemming from our studies is whether Optineurin or p62 are involved in cell 

death processes during mycobacterial infection. And if so, is this part of the same process of cell 

death modulation as Dram1? Collectively, this study provided in vivo evidence that p62 is 

involved in autophagic defense against mycobacteria during the critical early steps in the 

infection process when macrophages are parasitized and granuloma formation is initiated. 

During this phase, host defense relies on the function of the innate immune system. A similar 

situation occurs in patients with a compromised adaptive immune system and therefore these 

patients might benefit from stimulating the autophagic host defense mechanisms. In addition to 

consolidating the function of p62 in anti-mycobacterial host defense, our study provides the 

first evidence for a similar role for Optineurin in ubiquitin-dependent autophagic targeting of 

mycobacteria.  
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Conclusion 

The proper control of cell death during mycobacterial infection is a critical factor in the battle 

between the host immune system and these pathogens 32. Despite recent controversies, the 

current view remains that autophagy is an important host defense mechanism to restrict 

replication of mycobacteria inside immune cells 4, 6, 27. Dying infected macrophages release a 

large number of mycobacteria which are disseminated into other tissues by newly recruited 

macrophages 3. Since mycobacterial proliferation predominantly occurs inside immune cells, 

modulation of the cell-mediated immune response is a promosing potential target for host- 

directed therapy to control TB or other mycobacterial infections 33. Based on our studies we 

propose that the defense pathway mediated by Dram1 is a promising target for host-directed 

therapy against TB by stimulating autophagic defense and preventing lytic cell death of infected 

immune macrophages (Chapter 2 and Chapter 3). The current bottleneck is to figure out how to 

pharmacologically stimulate Dram1/DRAM1 in animal models or human patients. A possible 

approach would be to directly inject DRAM1 recombinant protein into TB patients to artificially 

elevate DRAM1 protein levels. DRAM1 protein might directly participate in defense against Mtb. 

However, it remains unsure whether DRAM1 can be delivered to the appropriate membrane 

location in infected cells to exert its function. Thus, the more practical approach is to study 

mechanisms of DRAM1 activation in in vivo and in vitro models for TB (and other members of 

the DRAM family), to screen for endogenous modulators or upstream partners that can be used 

as drugable  targets to activate the host defense pathway mediated by DRAM1.  

The zebrafish dram1 knockout mutants generated and characterized here (Chapter 2) revealed 

that deficiency  in Dram1 results in uncontrolled mycobacterial infection not only due to 

impaired maturation of mycobacteria containing vesicles and defects in autophagic targeting, 

but also due to increased pyroptotic cell death of infected macrophages. In Chapter 3, we 

provide a fundamental characterization of the effect of Dram1 deficiency on the  gene 

expression profiles in health and during mycobacterial infection, which revealed effects on 

metabolic pathways, lytic cell death, and Toll-like receptor signaling. Finally, in Chapter 4 we 

demonstrate that the selective autophagy receptors Optineurin and p62 function in innate host 
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defense against mycobacterial infection by targeting ubiquitinated bacteria to autophagic 

compartments. Overall, this thesis presents new in vivo evidence for the important function of 

selective autophagy to inhibit mycobacterial proliferation inside macrophages. Furthermore, the 

results support that stimulating the innate host defense processes that are dependent on 

Dram1, p62 and Optineurin could be a useful strategy to explore for adjunctive treatment of TB 

patients.  
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