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ABSTRACT 
 

Mycobacterial serine proteases and modulation of host immunity 
 

By 
 

Erica Denise Bizzell 
 

 
Tuberculosis (TB), which is caused by the bacterial pathogen, Mycobacterium 
tuberculosis (Mtb), is the deadliest infectious disease worldwide. Mtb employs a variety 
of mechanisms to evade host immune responses, allowing the pathogen to establish and 
maintain infection of its host. The current available TB vaccine, BCG, is poorly 
protective and shares many immune evasion-associated genes with Mtb.  
 
We previously reported that the Mtb protease, Hip1 (Rv2224c), promotes sub-optimal 
host immune responses, including suppression of dendritic cells (DCs), which play a key 
role in the generation of CD4 T cell responses. As BCG is closely related to Mtb and 
expresses an identical Hip1 protein, we tested the hypothesis that BCG Hip1 modulates 
DC functions, thereby limiting BCG immunogenicity. I generated a strain of BCG 
lacking hip1 (BCGDhip1), and show that it more effectively induces DC maturation and 
cytokine production than the parent BCG strain.  Further we report that BCGDhip1 
infected DCs are better able to activate CD4 T cells and drive their differentiation into 
antigen-specific IFN-g or IL-17 producing cells in vitro.  Mucosal transfer of BCGDhip1-
infected DCs into mouse lungs induced robust CD4 T cell activation in vivo and 
generated antigen-specific polyfunctional CD4 T cell responses in the lungs.  
Importantly, BCGDhip1-infected DCs enhanced control of pulmonary bacterial burden 
following Mtb aerosol challenge compared to transfer of BCG-infected DCs.  These 
findings illustrate that BCG utilizes Hip1 to dampen DC responses and subsequent CD4 
T cell responses, leading to limited capacity to control Mtb burden after challenge. Thus, 
vaccination with BCGDhip1 is likely to be more efficacious than BCG and has the 
potential to improve protective immunity to Mtb infection. 
 
In this dissertation work, I also characterized the relationship between Hip1 and a closely 
related mycobacterial protease, Rv2223c. I show that Hip1 and Rv2223c are highly 
conserved across both pathogenic and non-pathogenic mycobacterial strains.  
Furthermore, my observation that Rv2223c interacts with the Hip1 substrate, GroEL2, 
suggests that Rv2223c may cooperate with Hip1. These findings, along with data 
suggesting that deletion of both proteases is lethal for Mtb growth, support the hypothesis 
that they work in conjunction with one another to perform essential virulence functions in 
Mtb pathogenesis.  
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Part 1 – History of bacterial infectious disease research  

 

Whether through hieroglyphics or investigations of mummified remains, evidence of 

pestilence in the human race can be dated as far back as our history can reach.  Despite 

the prolonged presence of these diseases, it has only within the last half millennium that 

we have been able to visualize and definitively determine their causes. Anton van 

Leeuwenhoek’s invention of the microscope in the 17th century, provided researchers 

with the ability to take a peek into the microbial world surrounding, yet continuously 

eluding us.  Even with this early invention, not until the 19th century did scientists begin 

to empirically show that some of the microorganisms thus seen were the cause of a host 

of ailments. These observations further led to the development of a set of rules by Dr. 

Jakob Henle and his pupil Dr. Robert Koch to definitively determine whether a microbe 

was the causative agent of a disease (1).  Dr. Koch presented these guidelines, called the 

Henle-Koch’s Postulates to the public in 1884 (1). These rules generally stated that in 

order to determine whether a microbe causes a given disease one must be able to identify 

the microbe in every case of the disease, and that the microbe, once isolated and used to 

infect test organisms, must cause the same disease (2).  One of Koch’s first discoveries 

based on these guidelines was that of the tubercule bacillus, which he showed to be the 

causative agent of tuberculosis (TB) disease in humans.  The discovery of this and other 

disease-causing agents not only provided us with brand new insights into pathogenesis, 

but also allowed for direct targeting of the pathogens themselves. By learning more about 

the nature of microbes and their interaction with the world surrounding them, remarkable 

advances were achieved, such as the discovery of penicillin, the first commercially used 
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antibiotic by Alexander Fleming in 1928.  Microbial research in conjunction with 

medical and immunological advances remains the driving force in developing our arsenal 

against infectious diseases today.  

 

Part 2 – Background on tuberculosis  

2.1 – History 

 

TB is one of the oldest diseases to plague the human population, with evidence of human 

infections dating back 9000 years (3).  In the millennia since, there have been multiple 

recorded TB epidemics throughout the world, and the disease has been referred to by 

several different names.  In classical Greece, TB was known as phthisis, while during the 

European epidemics of the 18th and 19th centuries, consumption or the White Plague were 

common terms for the disease (4).   Poor nutrition, overcrowding, and the lack of 

knowledge of the underlying microbial cause of the disease contributed to the many lives 

claimed by TB during these epidemic periods.  Despite the longstanding history of TB 

with its human host, Robert Koch would not discover the causative agent until 1882 (5).  

The rod-shaped bacillus that Koch observed under his microscope in samples from both 

human specimens and from the animals that he had infected was what we now know as 

Mycobacterium tuberculosis (Mtb).  The successful evolution of Mtb with mankind over 

many centuries has made it one of the most well adapted bacterial pathogens to the 

human host environment.  This adaptation has resulted in a great deal of difficulty in 

eradicating TB and contributes to the current success in infection of about one-third of 

the world’s population (6). 
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2.2 – Tuberculosis symptoms, diagnoses, and treatments 

 

The primary manifestation of TB disease is as pulmonary Mtb infection, which can be 

established by inhalation of as few as one bacterium into the lungs (7).  Due to the hardy 

and host-adapted nature of Mtb, the bacteria are able to persist within alveolar 

macrophages, which serve as the first-responding innate immune cells in the alveolar 

spaces of the lungs.  These infectious bacilli, through expression of several effector 

proteins, successfully delay the onset of adaptive immune responses that would normally 

be deleterious to less host-adapted pathogens (8).  This delayed and inadequate immune 

response, coupled with the resiliency of Mtb, results in formation of lesions known as 

granulomas, where Mtb persists within the lungs of infected individuals.   Granulomas 

consist of Mtb-infected macrophages at their core surrounded by other innate immune 

cells, including macrophages, neutrophils, and dendritic cells, which are ineffective at 

killing the bacteria (8).  These innate cells are further surrounded by T and B cells of the 

adaptive immune response, which arrive late to the site of infection due to Mtb-elicited 

delays in response (9).  These granulomas, while ineffective at eliminating the bacteria, 

can be effective at containing mycobacterial infection by sequestering Mtb within the 

infected lung.   

 

When the bacteria are successfully contained with the lung, presumably within 

macrophages, an asymptomatic infection known as latent TB infection (LTBI) occurs.  

90% of healthy, HIV-uninfected people infected with Mtb develop LTBI state, while 
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approximately 10% develop the symptomatic pulmonary disease known as active TB.  

However latently infected individuals can progress to active TB when perturbations in 

immune control occur, leading to increased bacterial replication and reactivation to active 

TB disease (10, 11).  Symptoms of active TB disease include weight loss, fatigue, and 

fever, with the most profound symptom being a productive, painful cough.  This 

characteristic cough leads to aerosolization of bacteria which results in effective spread of 

Mtb from an infected person to multiple others through inhalation of Mtb-containing 

aerosol particles.  

 

The primary method by which individuals suspected of having active TB can be 

diagnosed is through detection of the presence of Mtb bacilli from a sample of their 

sputum.  As sputum can be difficult to obtain, alternative diagnoses are often required. 

Diagnosis of people suspected of either LTBI or active TB usually begins with 

administration of the Mantoux tuberculin skin test (TST) (12).  This test requires 

inoculation of purified tuberculin proteins intradermally; an individual who has a 

memory immune response to prior mycobacterial infection will locally respond in the 

form of inflammation.  However, due to proteins shared between Mtb and other 

mycobacterial species, including the vaccine strain Mycobacterium bovis BCG, a positive 

response to this test is not always indicative of infection with Mtb.  Another family of 

tests that is often used for TB diagnosis is the interferon-gamma (IFN-γ) release assay 

(IGRA) (13).  For these assays, patient blood samples are tested for the presence of T 

cells that respond to stimulation with the Mtb-specific proteins, ESAT6 and CFP10, and 

the response is measured by assaying for the cytokine, IFN-γ.   IGRAs are more specific 
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as they indicate infection with Mtb, however they do not distinguish LTBI and active TB. 

Until more definitive blood-based tests for TB disease are developed, diagnosis of TB 

disease requires a combination of clinical assessments, including symptom screens and 

lung x-rays in order to visualize any active granulomas that may be present.   

 

Upon diagnosis of an individual with TB, treatment varies between LTBI and active TB.  

Prior to the advent of antibiotics, the treatment recommended for active TB was generally 

fresh air and rest.  Facilities where individuals could spend time recovering from 

tuberculosis were called sanatoria, the first of which, founded in Austria by Herman 

Brehmer, opened in 1859 (14).  Here, patients were able to get the rest, healthy diet, fresh 

air, sunlight, and moderate exercise that served as the “cure” for TB at the time. 

Adirondack Cottage Sanitorium, founded by Edward Livingston Trudeau in 1884, was 

America’s longest run sanatorium, and served ailing TB patients until it finally closed in 

1954 (14).  

 

 The seminal event that brought about the eventual demise in sanatorium care for TB was 

the discovery of the first antibiotic effective against Mtb, streptomycin, which was 

isolated by Dr. Albert Schatz et al. in 1944 (15). Together with improved sanitation and 

public health measures, antibiotics were responsible for controlling TB in much of the 

developed world. Today, there are four frontline drugs used to treat TB.  These are 

rifampicin (RIF), isoniazid (INH), pyrazinamide (PZA), and ethambutol (ETH), 

collectively known as RIPE and active TB patients are prescribed all 4 drugs for 2 

months, followed by 4 months of Rif and Inh alone (16).  Preventive treatment for LTBI 
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consists of a 9-month regimen of INH or a newer 3-month regimen of Rifapentine and 

INH combined (17). Evolutionary pressure stemming from inadequate adherence to the 

long treatment regimens for TB, has contributed to development of a number of antibiotic 

resistance-causing mutations within Mtb genome, leading to more frequent use of 

second-line drugs to treat the disease (18, 19).  There are now multiple classifications for 

resistant Mtb based on the treatment regimens necessary to eradicate the disease.  Mtb 

that is resistant to both RIF and INH is classified as multi-drug resistant (MDR), while 

bacteria that are both MDR and resistant to a second-line drug are considered extensively 

drug resistant (XDR) (19).  The increasing incidence of MDR and XDR TB disease 

throughout the world is an indication of the urgent need for new drugs and novel 

strategies to treat TB. 

 

2.3 – Mtb classification and the Mtb complex  

 

Actinomycetales, the order under which Mtb falls, generally consists of Gram-positive, 

GC rich bacteria.  The complex cell wall of Mtb, however, renders it incapable of being 

stained via typical Gram staining.  The Mtb cell wall consists of a phospholipid bilayer as 

its innermost cell membrane, followed by peptidoglycan without an outer phospholipid 

layer, much like a Gram-positive bacterial wall.  However, unlike a Gram-positive 

organism, the Mtb peptidoglycan is covalently linked to what is called the 

arabinogalactan (AG) layer, consisting of arabinan and galactan (20).  Finally, covalently 

linked to the arabinogalactan are mycolic acids (MAs), which make up the outermost 

layer of the Mtb cell wall (20).  Interspersed throughout the outer layers of the cell wall 
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are lipid-linked polysaccharides known as lipoarabinomannan (LAM) capped with 

mannose (ManLAM) (21).   

 

The complexity of this cell wall along with the hydrophobic nature of the mycolic acids 

gives Mtb a waxy coating, which is quite difficult to penetrate with the typical Gram 

staining dyes.  To overcome these challenges, in 1883, Franz Ziehl and Friedrich Neelsen 

developed a new method of bacterial classification via staining known as Ziehl-Neelsen, 

or acid-fast staining (22).  This method is comprised of staining the bacteria with carbol-

fuchsin, a phenolic stain which is able to penetrate the waxy Mtb cell wall, followed by 

treatment with an acid, which will wash away the stain only from standard Gram-positive 

or Gram-negative bacteria, and finally a counter stain, which will only be taken up by 

those bacteria that have had the carbol-fuchsin washed away.  Therefore, Mtb and other 

bacteria within the genus are classified as acid-fast instead of Gram-positive, referring to 

the fact that they are able to retain the carbol-fuchsin even after acidic treatment.  

 

The full group of mycobacterial species that cause TB in humans and/or animals is called 

the Mycobacterium tuberculosis complex (MTBC).  This complex consists of M. 

tuberculosis, M. bovis, M. canetti, M. africanum, M. caprae, M. pinnipedii, M. microti, 

M. mungi, and most recently, M. orygis.  These species are all slow growing, and take 

about 3 weeks for colony formation on a solid medium.  In the past, species within this 

group were generally differentiated by their differing growth phenotypes, their 

epidemiology, and later through spoligotyping and restriction fragment length 

polymorphism (RSLP) analysis.  However, advances in genomic sequencing leading to 
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the publication and annotation of each of these genomes have allowed researchers to even 

further delineate between them (23-26).  Analysis of various SNPs within each of these 

genomes has given the field a clearer picture of the evolution of the MTBC. 

 

2.4 – Mouse model of TB  

 

There are multiple animal models for TB research including primates, guinea pigs, 

rabbits and even zebrafish, however the most widely used is the mouse model.  Using 

mice as model organisms provides researchers with a genetically tractable system with a 

relatively short lifespan. The many years of TB research on mice has revealed many 

insights about crucial host-pathogen interactions during Mtb infection.  Seminal research 

by Medina et al. found the susceptibility of a variety of common mouse strains, which 

harbored different genetic mutations (27).   The authors discovered that the most 

commonly used mouse strains, Balb/C and C57BL/6, were relatively resistant to Mtb 

infection.  From these studies, it was also revealed that the C3HeB/FeJ (C3H) mouse 

strain was highly susceptible to Mtb infection (27).  Later studies found that the 

C3HeB/FeJ mouse strain, which is a derivative of the C3H mouse, serves as an effective 

model of granuloma formation in mice as Mtb infection of these mice results in formation 

of necrotic lesions in their lungs (28).  Overall, studying the response of mice to Mtb 

infection has provided the TB field with many immunological insights, one of the earliest 

being the importance of  IFN-γ producing T cell responses in the control of Mtb infection 

(29).  
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Aside from studying mouse strains already available, directed genetic mutation of mice 

has allowed researchers to investigate the role of specific genes in host responses to Mtb 

infection.  The dissemination of bacteria in Mtb-infected mice that are deficient in IFN-γ 

production revealed the important role of this T cell cytokine on Mtb infection (30).   

Similar studies of knockout mice showed the critical roles of IL-12 and TNF-α in 

protection against Mtb infection (31, 32).   Another advantage of the mouse model of 

Mtb is the availability of reagents within this system.  As mice are used to model a 

plethora of diseases, many antibodies or drugs that specifically target mouse proteins of 

interest are available for use in TB research.  For example, researchers observed by 

utilizing an antibody blockade of the mouse IL-10 receptor, that IL-10 production 

promotes Mtb growth in mice (33).  Overall, the mouse model serves as an affordable, 

genetically tractable, system in which to study Mtb infection. 

 

Part 3 – Mtb and host interactions 

3.1 – Recognition of Mtb by host immune cells 

 

Upon inhalation of Mtb by a host organism, the bacteria enter into the lung alveoli, where 

a number of innate immune cells reside. One of the key innate immune cell types that 

Mtb encounters within the alveolar spaces is the macrophage.  Macrophages, which serve 

as the first line of defense against microbial infections, provide protection by first 

phagocytosing the infectious microbes.  Within the phagosome of the macrophage, 

microbes encounter a harsh environment that consists of stressors such as low pH, 

antimicrobial peptides, and reactive oxygen and/or nitrogen species.   Finally, secretion 
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of cytokines from infected macrophages leads to further activation of both the innate and 

adaptive branches of the immune system.  Multiple studies have demonstrated the critical 

role of alveolar macrophages (AMs) in early immune responses to Mtb infection (34).   

 

Macrophages first recognize Mtb via engagement of various surface ligands and pattern 

recognition receptors (PRRs) including mannose receptors (MRs), toll-like receptors 

(TLRs), and NOD receptors.  MRs, which are highly expressed on AMs, recognize 

components of various glycolipids of Mtb including ManLAM found in the 

mycobacterial cell wall, and their engagement has been shown to induce phagocytosis 

(35).  Toll-like receptors (TLRs), which recognize pathogen-associated molecular 

patterns (PAMPS) that are expressed by infectious agents, are another group of key PRRs 

that have been shown to function in macrophage recognition of Mtb.  TLR-2 recognizes 

the various Mtb cell wall components, including lipoproteins LprG and LprA, as well as 

ManLAM (36, 37).  TLR-4, while classically defined as the LPS receptor in gram-

negative bacterial infections, has been found to also recognize Mtb heat shock proteins 

Hsp65 (GroEL2) and Hsp70 (38).  NOD2, a receptor found in the cytoplasm of 

macrophages and dendritic cells, recognizes peptidoglycan and muramyl dipeptide 

(MDP) of Mtb and other bacteria (39).  NOD2 engagement by Mtb leads to increased 

production of pro-inflammatory cytokines TNFα, IL-6 and IL-1b (40). While crucial for 

the initial immune response to Mtb, human AMs have been shown to be inefficient at 

presenting antigen to T cells, a process that is necessary for an effective adaptive immune 

response (41). 
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Along with AMs, another important innate immune cell infected by Mtb within the lungs 

is the dendritic cell (DC) (42).  DCs are critical for the crosstalk between innate and 

adaptive immunity, as they serve as professional antigen presenting cells (APCs).  The 

receptors on DCs that have been shown to recognize Mtb include MR, Dendritic cell-

specific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN), Dectin-2, 

TLR2, TLR4, and TLR9 (34).  DC-SIGN engages with ManLAM on the surface of 

mycobacterial cells (43), and recognition of Mtb via TLR9 significantly contributes to 

DC IL-12 production (44, 45).  Upon recognition and uptake of bacterial pathogens, DCs 

process the antigens into peptides, which are then loaded onto MHC class I or class II 

molecules.  MHC-peptide complexes are then displayed on the surface of the infected 

DC, which T cells are then able to recognize via their T cell receptors (TCRs).  DCs also 

display co-stimulatory markers, such as CD40, CD80, and CD86 on their cell surface, 

which are recognized by corresponding receptors on T cells.  These interactions provide 

optimal T cell activation. The final signals to the T cell provided by DCs are various 

cytokines, including IL-12p40, IL-6, and IL-1b, which help to polarize CD4 T cells to 

different functional subsets.  Extensive research studies have identified IFN-γ production 

by CD4 T cells known as T-helper 1 (Th1) as playing a crucial role in Mtb control during 

infection (30, 46, 47).  More recently, IL-17-producing Th17 cells have been shown to 

play an important role in Mtb control (48-51).  

 

3.2 – Immune evasion and immunomodulation by Mtb 
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The co-evolution of Mtb and humans over thousands of years has allowed the TB-

causing bacterium to develop various methods to subvert and manipulate the host 

immune system.  These evasive techniques include modifications by the bacterium of its 

complex cell wall, secretion of effector and decoy proteins, and overall prevention of 

normal host immune responses in order to provide a favorable environment for Mtb 

growth and survival.   

 

The first interactions of Mtb with its host are between the bacterial cell wall and host 

innate immune cells.   Upon recognition by various receptors on macrophages and DCs, 

components of the Mtb cell wall have been shown to suppress different aspects of the 

host immune response to infection with the bacteria.  For example, Mtb ManLAM is 

recognized by multiple macrophage and DC receptors; interaction of ManLAM with DC-

SIGN or Dectin-2 on DCs has been shown to induce increased production of the anti-

inflammatory cytokine, IL-10, which may counteract the pro-inflammatory cytokines that 

ManLAMs also induce (43, 52).  IL-10 production has been implicated in dampened 

production of pro-inflammatory cytokine such as IL-12 and IL-1β and has been found to 

contribute to disease progression in Mtb infected mice (33).  Recognition of Mtb 

lipoproteins such as LprG and 19-kDa by TLR-2 on macrophages, results in inhibition of 

antigen MHC class II antigen processing and MHC class II expression respectively (36, 

53).  Muramyl dipeptide (MDP) derived from Mtb peptidoglycan is recognized by NOD2 

in macrophages (40).   
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Some of the most crucial strategies used by Mtb to modulate the host immune response 

lie in the proteins encoded by genes within its region of deletion 1 (RD1).   The RD1 

region is a genetic locus consisting of 9 genes, which are required for virulence of 

pathogenic mycobacterial strains (54, 55).  Notably, the RD1 region is thought to be the 

key deletion during attenuation of M. bovis attributing to the avirulence of BCG (56-58).  

Deletion of the RD1 region from Mtb results in attenuation of the bacteria in mice, even 

after a high dose of infection, while re-introduction of the locus of genes into the 

attenuated M. bovis BCG increases virulence of the vaccine strain (55, 56).  This locus 

contains the genetic information for the ESX-1 type VII secretion system and the ESAT-

6/CFP-10 protein complex (54, 59-61).  ESAT-6 and CFP-10 are two of the most 

extensively studied effector proteins of Mtb.  They have been implicated in inhibition of 

ROS production by Mtb infected macrophages, pore formation for Mtb phagosomal 

escape, and induction of apoptosis (62-64).  Further, ESAT-6 and CFP-10 are highly 

antigenic, and are potent stimulators of early IFN-γ production from T cells (65, 66). 

 

Upon phagocytosis by macrophages, bacteria temporarily reside in the phagosomal 

compartment of the innate immune cell.  Normally, this compartment then matures and 

forms the phagolysosome via fusion with a lysosomal compartment, which harbors 

various antimicrobial peptides, proteases, and provides an acidic environment conducive 

to antigen processing.  This, along with the reactive oxygen and nitrogen species 

produced within the mature phagolysosome compartment, then leads to the eventual 

killing of susceptible intracellular bacteria.  Mtb, however, is capable of blocking this 

maturation of the phagosome into the phagolysosomal compartment thereby maintaining 
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a microenvironment that is more conducive to the bacterium’s survival (67). Mtb 

produces multiple effector proteins that are involved in blocking phagolysosome fusion.  

For example, PtpA, an Mtb tyrosine phosphatase, blocks phagosome maturation through 

interaction with a host vacuolar ATPase required for phagosome acidification (68).  The 

Mtb serine-threonine kinase, PknG, has been implicated in inhibition of phagosome 

maturation, in that deletion of pknG results in M. bovis BCG localizing with macrophage 

lysosomal compartments (69). 

 

Mtb employs the help of a multitude of other effector proteins in order to subvert and 

modulate host immune responses. Antigen 85b (Ag85b) is a highly antigenic protein 

secreted by Mtb early in infection (70, 71).  The strong T cell responses elicited by this 

protein, however, do not result in eradication of the bacteria from the host (71).  Instead, 

Ag85b is thought to function as a decoy protein antigen, stimulating a strong memory 

response that recognizes antigen that is no longer expressed after establishment of 

infection (72, 73).  Another Mtb immunomodulatory protein of interest is the serine 

protease Hip1, which has been shown to be necessary for optimal survival of the bacteria 

in macrophages, and to be involved in blunting the early innate immune response to Mtb 

(74, 75).  One mechanism underlying Hip1 immune modulation appears to be its 

cleavage of the chaperonin-like protein, GroEL2, which has potent immunostimulatory 

functions its full length form but is poorly stimulatory when cleaved into a shorter protein 

(76).  The effects of Hip1 on Mtb virulence and immunogenicity will be discussed in 

more detail later.  
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Part 4 – BCG vaccine 

 

Bacille Calmette-Guérin (BCG) is currently the only vaccine used to prevent TB.  The 

scientists Albert Calmette and Camille Guérin, for whom the BCG vaccine is named, 

initiated development of a tuberculosis vaccine in 1908 with the bovine TB-causing 

bacterium Mycobacterium bovis (77).  Efforts to vaccinate against TB prior to the 

development of BCG included inoculation of animals and/or humans with Mtb that had 

undergone heat inactivation, attenuation through culturing, or even small doses of live 

Mtb (78).  As killed bacteria had proven unsuccessful, and with full awareness of the 

risks that the other two approaches entailed, Calmette and Guerin ventured to create a 

live vaccine by deliberately attenuating M. bovis to the point of little to no chance of its 

regaining virulence. The process consisted of serial passaging of M. bovis on medium 

including potatoes cooked in ox bile (78).  In 1919, 11 years and 230 sub-cultures later, 

the BCG vaccine was completed, and in 1921, the first BCG human vaccine trial was 

conducted(78).  With confirmation of the safety of the vaccine, BCG was soon widely 

distributed and used throughout the world. 

 

90 years since its initial development, BCG is still one of the most widely used vaccines 

today, and has maintained its status as the sole vaccine against TB.  Shortly after the first 

human trials of BCG, the vaccine was distributed to countries around the world where 

physicians and scientists continued to validate the safety of the vaccine, and further 

passaged the live vaccine (77).  Today, BCG is incorporated into the vaccination 

programs of nearly every county worldwide (79).  However, none of these strains are 
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identical to that of Calmette and Guerin’s original strain, which was lost during World 

War I (80).  Separate propagation of the BCG vaccine by individual countries has 

resulted in wide genetic variation of the strains of BCG used, and may contribute to the 

wide variation in protective capabilities of the various strains (80).   

 

Despite its widespread use, BCG does not provide lasting protection against TB.  The 

vaccine is currently given to infants shortly after birth in TB endemic areas.  BCG 

vaccination protects children under the age of five against disseminated forms of TB such 

as TB meningitis, but fails to effectively protect against pulmonary TB or to reliably 

provide protection into adulthood (81, 82).  In fact, a longitudinal study in infants 

vaccinated with BCG revealed that antigen-specific memory CD4 T cell responses peak 

around 10 weeks post-vaccination and gradually decline back to pre-vaccination levels 

(83).  Vaccine trials conducted in newborns between 1948 and 1961 reported an average 

of 73% efficacy against TB disease, while meta-analyses of BCG vaccination studies 

concluded that BCG provides an average of 50% protection from disease in adults (84-

86).  There are a variety of factors that likely contribute to the limited efficacy of BCG, 

including prior exposure to environmental mycobacterial species (81), and the bacteria’s 

expression of genes involved in immune evasion and immunomodulation (87-89).  Some 

studies have shown that the diversity of BCG strains used around the world also may 

affect the efficacy of the vaccine (90).  

 

Currently many efforts are aimed at improving the ability of BCG to stimulate a stronger 

and more protective immune response, mainly through modification of the BCG genome.  
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These modifications to BCG have largely focused on expression of non-endogenous 

genes from Mtb, and a limited number of studies have explored deleting genes from BCG 

that suppress host immune responses (89, 91).  One such modified BCG strain, which 

expresses listeriolysin from Listeria monocytogenes and harbors a deletion of the urease-

producing gene, ureC has recently progressed to clinical trials (92-94). The only clinical 

TB vaccine trial to have advanced to the final stages of testing since the development of 

BCG comprised an MVA-based vaccine expressing the immunodominant Mtb protein, 

Ag85a, however this vaccine failed to provide any more protection than BCG against TB 

(95).    With this in mind, coupled with the fact that BCG has a long record of safety in 

children and already widely used, the approach of modifying BCG in an effort to make it 

more protective may prove to be the best approach to creating an improved TB vaccine.  

 

Part 5 – Role of Mtb proteases during infection 

 

Proteases are enzymes present in all organisms, which cleave peptide bonds of proteins at 

specific peptide sequences.  Many bacterial pathogens are known to utilize secreted 

proteases to mediate pathogenesis and use proteolytic processing as a virulence 

mechanism to evade host immunity.  Importantly, protease inhibitors have been 

successful in treating many bacterial pathogen-related diseases (96).  Mtb encodes over 

100 predicted proteases and it is increasingly appreciated that proteases play an important 

role in Mtb pathogenesis.  However, insight into the molecular and biochemical 

mechanisms underlying Mtb proteases is quite limited and very few proteases have been 

characterized with regard to their physiological substrates. Thus, compared to other 
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bacterial pathogens, relatively little was known about proteases in Mtb. However, in the 

past decade, several proteases have been implicated in the ability of Mtb to adapt to host 

cells.  For instance, PepD, a secreted serine protease that promotes Mtb virulence was 

shown to hydrolyze the general protease substrate casein but its physiological substrates 

remain unknown (97).  The cell wall-associated serine protease, MycP1 plays an 

important role in secretion of substrates of the Mtb ESX-1 Type VII secretion system, 

which is important for Mtb virulence (98).  Notably, recent studies of Mtb proteases that 

have been the most extensively studied have revealed potential benefits of inhibiting their 

action during infection (99-101).  Importantly many Mtb proteases belong to novel, 

previously uncharacterized protease families, which further highlights the need for their 

detailed molecular biochemical characterization.   

 

Part 6 – Hip1 and Rv2223c serine proteases of Mtb 

 

The Mtb serine protease, Hip1 (Rv2224c), has been implicated in modification of the 

bacterial cell wall, intracellular survival of Mtb, and dampening of the host immune 

response.  Multiple studies, largely from the Rengarajan group, have highlighted the role 

of Hip1 in modulating host innate responses through DCs and macrophages.  Transposon 

disruption of Hip1 in Mtb results in increased survival of infected mice, increased pro-

inflammatory cytokine production and decreased lung pathology.  These effects are 

partially attributed to the proteolytic activity of Hip1 on the essential Mtb protein, 

GroEL2 (74, 76).  Rv2223c, which encodes a predicted secreted serine protease, lies 

downstream of hip1 in the Mtb genome, within a predicted operon. We have shown that 
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hip1 encodes a cell wall associated serine protease, which shares 47% amino acid identity 

and 60% similarity with Rv2223c.  Both Hip1 and Rv2223c are α/β hydrolase family 

members and share limited amino acid similarity to tripeptidyl peptidases (TPPs), TppA, 

SlpD and SlpE from Streptomyces lividans, which are mycelium-associated serine 

peptidases involved in cell growth (102). Excitingly, the 3-dimensional structure of Hip1 

was recently solved by X-ray crystallography and revealed that Hip1 belongs to a novel 

protease family (103).  This analysis found that, while similar to TPP endopeptidases, the 

active site of Hip1 can accommodate much larger substrates, which suggests that Hip1 

has endopeptidase activity (103).  Although the 3-dimensional structure of Rv2223c 

remains unsolved, predictive models based on Hip1 structure show that Rv2223c has 

similar characteristics to Hip1, and is classified as an alpha/beta hydrolase family protein 

similar to Hip1.  

 

While several studies from the Rengarajan laboratory have shown that Hip1 is involved 

in dampening the host immune response to Mtb infection thereby leading to increased 

bacterial virulence, the role for Rv2223c is less well understood. Preliminary data suggest 

that Hip1 and Rv2223c share substrates and may work in conjunction to regulate Mtb 

pathogenesis. However the extracellular localization of Rv2223c suggests that the 

secreted protease likely also has independent functions from Hip1 in Mtb pathogenesis. 

 

Part 7 – Thesis overview 

Despite the availability of treatments and a vaccine against tuberculosis, the disease 

continues to have a high global burden and persists as one of the deadliest infectious 
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diseases worldwide.  The limited protection provided by the BCG vaccine against TB 

along with the continuous rise in drug resistant Mycobacterium tuberculosis infections 

highlight the need for better treatments and vaccines.  Recent efforts within the TB field 

have focused on gaining a better understanding of the mechanisms used by Mtb to 

modulate and evade host immune responses.  Previous studies in our laboratory have 

added to these efforts, revealing that the Mtb serine protease, Hip1 is one of the 

immunomodulatory factors used for Mtb pathogenesis.  These studies have helped to lay 

the groundwork for the research presented in this dissertation.  In chapter 2, we reveal 

that Hip1 acts as an immune evasion protein even in the vaccine strain, BCG.  

Importantly, we find that we can enhance the immunogenicity of BCG through deletion 

of hip1. Additionally, in chapters 3 and 4, we characterize the predicted serine protease 

Rv2223c and its relationship to its close relative, Hip1.  We also provide some insight 

that two proteases may work in conjunction with one another.   
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Chapter 2 

Deletion of BCG Hip1 protease enhances dendritic cell and CD4 T cell responses 

and improves control of Mycobacterium tuberculosis 

Chapter adapted from: 

Erica Bizzell*, Kevin Sia* et al (2017) 

Deletion of the Hip1 protease in BCG enhances dendritic cell functions and augments 

lung CD4 T cell responses. 

*These authors contributed equally to this work 
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ABSTRACT 

 

Dendritic cells (DCs) play a key role in the generation of CD4 T cell responses to 

pathogens. Mycobacterium tuberculosis (Mtb) harbors immune evasion mechanisms that 

impair DC responses and prevent optimal CD4 T cell immunity. The vaccine strain 

Mycobacterium bovis Bacille Calmette-Guérin (BCG) shares many of the immune 

evasion proteins utilized by Mtb, but the role of these proteins in DC and T cell responses 

elicited by BCG is poorly understood. We previously reported that the Mtb serine 

protease, Hip1, promotes sub-optimal DC responses during infection.  Here, we tested the 

hypothesis that BCG Hip1 modulates DC functions and prevents optimal antigen-specific 

CD4 T cell responses that limit the immunogenicity of BCG. We generated a strain of 

BCG lacking hip1 (BCGDhip1) and show that it has superior capacity to induce DC 

maturation and cytokine production compared to parental BCG. Furthermore, 

BCGDhip1-infected DCs were more effective at driving the production of IFN-γ and IL-

17 from antigen-specific CD4 T cells in vitro. Mucosal transfer of BCGDhip1-infected 

DCs into mouse lungs induced robust CD4 T cell activation in vivo and generated 

antigen-specific polyfunctional CD4 T cell responses in the lungs.  Importantly, 

BCGDhip1-infected DCs enhanced control of pulmonary bacterial burden following Mtb 

aerosol challenge compared to transfer of BCG-infected DCs. These results reveal that 

BCG employs Hip1 to impair DC activation, leading to attenuated lung CD4 T cell 

responses with limited capacity to control Mtb burden after challenge.  
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INTRODUCTION 

 

Critical to the success of Mycobacterium tuberculosis (Mtb) as a pathogen is its ability to 

evade host innate and adaptive immunity. Mtb dampens macrophage functions and 

impairs the ability of dendritic cells (DCs) to induce optimal antigen-specific CD4 T cell 

responses. As the major antigen-presenting cell (APC) in the immune system, DCs are 

central to the generation of CD4 T cell responses after infection and vaccination. 

However, immunomodulatory factors expressed by Mtb promote sub-optimal DC 

maturation, cytokine production and antigen presentation to CD4 T cells, which 

adversely affects T cell immunity and impedes control of Mtb infection (34, 104). BCG is 

an attenuated strain of Mycobacterium bovis and the only licensed vaccine for 

tuberculosis (TB) in humans. While BCG vaccination protects children under the age of 

five from disseminated forms of TB disease, BCG has limited efficacy against pulmonary 

TB in children and adults (81, 82).  However, the immunological basis for sub-optimal 

immunity induced by BCG remains unclear. The genome of the BCG parent strain, M. 

bovis shares over 99.95% sequence identity with the Mtb genome (24) and BCG retains 

many of the genes shown to encode immune evasion proteins in Mtb.  We therefore 

reasoned that retention of immune evasion strategies that are present in virulent 

mycobacteria by BCG may impede generation of effective innate and adaptive immune 

responses induced by the vaccine.  Thus, we hypothesized that deleting immune evasion 

genes in BCG that impair DC functions has the potential to improve innate and adaptive 

immune responses induced by BCG. 
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We have previously demonstrated that an Mtb cell wall-associated serine protease, Hip1 

(Hydrolase important for pathogenesis 1, Rv2224c), is involved in impairing DC 

functions (105). Since Hip1 from BCG and Mtb are 100% identical, we hypothesized that 

BCG Hip1 may contribute to sub-optimal DC and CD4 T cell responses and that deletion 

of hip1 from BCG would augment innate and adaptive immune responses.  In this study, 

we generated a BCG (Danish) strain lacking hip1 (BCGΔhip1) to investigate whether 

deletion of hip1 in BCG enhances DC functions and improves CD4 T cell responses in 

vitro and in vivo. We show that DCs infected with BCGΔhip1 produce significantly 

enhanced levels of pro-inflammatory cytokines and express higher levels of major 

histocompatibility complex (MHC) class II and costimulatory molecules compared to 

DCs infected with the parent BCG strain. Additionally, deletion of hip1 from BCG 

augmented DC antigen presentation to CD4 T cells in vitro. Moreover, mucosal priming 

of immune responses via intratracheal instillation of BCGΔhip1-infected DCs improved 

antigen-specific CD4 T cell responses in the lungs and enhanced control of Mtb burden 

following aerosol challenge, compared to transfer of BCG-infected DCs. Our results 

demonstrate that BCG subversion of DC functions through Hip1 impedes the generation 

of robust CD4 T cell responses and provides a rationale for targeting hip1 to improve 

BCG immunogenicity. 
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MATERIALS AND METHODS 

 

Bacterial strains and culture conditions 

BCG (Danish), BCGΔhip1, and BCGΔhip1 complemented with hip1 (BCGDhip1 comp) 

were grown at 37ºC in Middlebrook 7H9 broth supplemented with 10% oleic acid-

albumin-dextrose-catalase (OADC), 0.2% glycerol and 0.05% Tween 80 or on 

Middlebrook 7H10 agar supplemented with 10% OADC, 0.5% glycerol, and 0.2% 

Tween 80. Media for complemented BCGΔhip1 was supplemented with 20µg/ml of 

streptomycin (Sigma-Aldrich, St. Louis, MO), and media for BCGDhip1 was 

supplemented with 50µg/ml of hygromycin (Roche Diagnostics, Indianapolis, IN).  For 

growth curves, bacterial strains were inoculated into supplemented 7H9 medium at OD600 

0.05, and the OD600 measurements were taken daily.  

 

Construction of BCGΔhip1 and complemented strains 

BCG was transformed via electroporation with 3µg of pEBOP-2 (pYUB657 suicide 

vector containing a Δhip1 allele, a selectable hygromycin resistance marker, and a 

counter selectable sacB marker).  Resulting transformants that were resistant to 

hygromycin were then patched onto 7H10 plates containing 2% sucrose.  Colonies that 

displayed hygromycin resistance and sucrose sensitivity were considered to have 

undergone a single crossover event resulting in incorporation of pEBOP-2 into the BCG 

genome.  These colonies were then grown to saturation for a week in 5ml of 7H9 broth, 

and then serial dilutions were plated in duplicate onto 7H10 plates supplemented with 2% 

sucrose.  Colonies arising on these plates were patched onto hygromycin-containing 
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plates.  Colonies that were both hygromycin sensitive and sucrose resistant were grown in 

7H9 broth, and genomic DNA was extracted using the protocol adapted from Belisle and 

Sonnenberg (106).  Genomic DNA was then subjected to Southern blot analysis.  DNA 

was digested with NcoI, and then probed with a DIG-labeled DNA amplicon 

corresponding to a 1kb region present in both the genome and pEBOP-02.  Deletion of 

hip1 was also confirmed via amplification of the deleted region using primers upstream 

(forward primer 5’-CGGCCACCCGCTCACCGCCCTCG-3’) and downstream (reverse 

primer 5’-GCACGGCGAATGTCAGATAGGG-3’) of the 1kb regions of homologous 

recombination, resulting in a 4.5kb amplicon from the BCGDhip1 genome, and a 6kb 

amplicon from the wild-type BCG genome (Fig. S1C).  These amplicons were then 

sequenced for further confirmation of gene deletion.  BCGΔhip1 was complemented via 

electroporation with hip1, which was cloned with the 300bp region upstream of its start 

codon for expression from its natural promoter into the integrating, streptomycin 

resistance-conferring plasmid, pTC. 

 

Mice 

All mice were housed under specific pathogen-free conditions in filter-top cages within 

the vivarium at the Yerkes National Primate Center, Emory University, and provided 

with sterile water and food ad libitum. C57BL/6J mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME). OT-II TCR transgenic mice specific for OVA323–

339 peptide were obtained from Dr. Bali Pulendran (originally generated in the laboratory 

of Dr. F. Carbone, University of Melbourne), and bred at the Yerkes animal facility.  
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BMDM and BMDC generation and infection  

Bone marrow-derived macrophages (BMDMs) were generated as previously described 

(107).  Bone marrow cells were isolated from C57BL/6J mice and differentiated for 7 

days at 37°C with 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 

medium (Lonza, Walkersville, MD) containing 10% fetal bovine serum (FBS; HyClone, 

Logan, UT), 2mM L-glutamine, and 10% L-cell conditioned medium (LCM).  Adherent 

cells were collected, and macrophages were plated onto 24-well plates at 3x105 per well 

and rested overnight.  For heat-killed BCG infections, bacteria suspended in DMEM/F-12 

medium containing 10% FBS, 2mM L-glutamine, and 5% LCM were added to 

differentiated BMDMs in 24 well plates at indicated MOIs. Murine bone marrow derived 

dendritic cells (BMDCs) were generated as previously described (108).  Bone marrow 

cells isolated from C57BL/6J mice were grown and differentiated for 8 days in Roswell 

Park Memorial Institute (RPMI) medium (Lonza, Walkersville, MD) supplemented with 

10% FBS (HyClone, Logan, UT), 2mM L-glutamine (Gibco, Grand Island, NY), 20ng/ml 

recombinant murine granulocyte-macrophage colony-stimulating factor (rmGM-CSF) 

(R&D systems, Minneapolis, MN), 50 µM beta-mercaptoethanol (Gibco, Grand Island, 

NY), 1X non-essential amino acids (Gibco, Grand Island, NY), 10mM HEPES buffer 

(Lonza, Walkersville, MD), 1mM sodium pyruvate (Lonza, Walkersville, MD). Non-

adherent cells were harvested after 8 days and purified using CD11c microbeads 

(Miltenyi, Gladbach, Germany), plated at 3x105 per well, and rested overnight. For heat-

killed BCG infections, bacteria were suspended in DC media without rmGM-CSF and 

added to differentiated BMDCs in 24 well plates at indicated MOIs and incubated at 

37°C.   For live infections, BCG strains suspended in DC media without rmGM-CSF, 
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were added to BMDCs at indicated MOIs and allowed to incubate at 37°C for 4 hours.  

Monolayers were then treated with 200µg/ml amikacin for 45 minutes. Cells were then 

washed thrice with PBS, and DC media without rmGM-CSF was then added to infected 

cells.  To determine the CFU of bacteria within infected cells, one set of BMDCs was 

first washed with PBS then lysed using PBS containing 0.5% TritonX, and serial 

dilutions of the lysate were plated onto 7H10 plates.  To assess BCG growth within 

BMDCs, cell lysates were plated on days 1, 3 and 5 after initial infection. CFU were 

enumerated after 21 days of incubation. Supernatants from infected BMDCs or BMDMs 

were collected at indicated timepoints and analyzed via ELISA for cytokine levels 

according to the manufacturers’ instructions: BD OptEIA kits for IL-6, IL-1b, and IL-

12p40 (BD Biosciences, San Jose, CA) and IL-23 (Biolegend, San Diego, CA) per 

manufacturer’s instructions. 

 

BMDC-T cell co-cultures  

BMDCs were co-cultured with CD4 T cells 24 hours after infection with BCG strains.  

Briefly, CD4 T cells were isolated from splenocytes collected from OT-II TCR 

transgenic mice and purified using CD4 magnetic microbeads (Miltenyi, Gladbach, 

Germany). Purified CD4 T cells were suspended at 1x106/ml in supplemented RPMI and 

co-cultured with BMDCs to achieve a 1:4 DC:T cell ratio. Supernatants from co-cultures 

were collected after 72 hours, spun down to remove cells, and frozen. Cytokine levels 

were analyzed via ELISA according to manufacturers’ instructions: IFN-g (Mabtech, 

Cincinnati, OH), IL-2 (BD Biosciences, San Jose, CA), and IL-17 (eBioscience, San 

Diego, CA)  
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Intratracheal instillation of BMDCs  

BMDCs were generated as described, purified using CD11c microbeads (Miltenyi), and 

stimulated as indicated or left unstimulated in media for 24 hours. BMDCs were then 

washed, resuspended in PBS and intratracheally instilled (1x106 per mouse in 50µl PBS) 

into isoflurane-anesthetized C57BL/6J hosts.  

 

Assessment of antigen-specific responses 

6 days after intratracheal BMDC transfer, lungs were harvested and processed for further 

analysis.  Briefly, organs were minced and placed in harvest medium consisting of HBSS 

containing 10mM HEPES, 2% FBS, 0.1% collagenase type IV (Worthington, Lakewood, 

NJ), and 0.01% DNase I (Worthington, Lakewood, NJ) for 30 minutes at 37°C. 

Following incubation, organs were processed into single cell suspension utilizing the 

gentleMACs tissue dissociator (Miltenyi, Gladbach, Germany).  Cells were thoroughly 

washed, counted, and 1x106 cells were plated for phenotypic analysis or antigen 

restimulation. Cells were exposed to media (unstimulated), PMA/ionomycin (80ng/ml 

and 500ng/ml, respectively), or 10ug/ml whole cell lysate (WCL). Cells were then 

incubated at 37oC for 1.5 hours before addition of BFA (5ug/ml) and monensin (1:1500) 

followed by a further incubation at 37oC for 4.5 hours (for media and PMA/ionomycin 

stimulations) or overnight (for WCL stimulations). Cells were then spun down, washed, 

and stained with the following fluorophore conjugated antibodies purchased from BD 

Biosciences, Biolegend, or eBioscience for flow cytometric analysis: anti-CD8 PerCP 

(clone 53-6.7, BD), anti-CD44 APC-Cy7 (clone IM7, BD), anti-TCR gd BV605 (clone 
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GL3, Biolegend), anti-CD3e V450 (clone 500A2, BD), anti-CD4 Alexa700 (clone RM4-

5, BD), anti-TNF-a PE-Cy7 (clone MP6-XT22, BD), anti-IL-2 FITC (clone JES6-5H4, 

BD), anti-IL-17 PECF594 (clone TC11-18H10, BD), and anti-IFN-g APC (clone 

XMG1.2, eBioscience).  Live cells were determined by exclusion of amine-reactive dye 

(Live/Dead Fixable Aqua Dead Cell Stain kit, Life Technologies, Carlsbad, CA). 

Samples were acquired using an LSRII flow cytometer and analyzed by FlowJo (FlowJo, 

LLC).   

 

Mtb aerosol challenge and enumeration of bacteria 

Groups of mice were intratracheally instilled with 1x106 BMDCs, rested for 14 days, and 

then challenged with a low dose (~100 CFU) of Mtb H37Rv using an Intox aerosol 

apparatus. Lungs from infected mice were harvested 28 days post-challenge, 

homogenized, plated on 7H10 agar plates, and incubated for 21 days in 37oC prior to 

CFU enumeration.   
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RESULTS 
 

Construction of a BCGΔhip1 strain 

To determine the role of hip1 in BCG-induced DC responses, we generated an in-frame, 

unmarked deletion of hip1 in the BCG Danish strain.  We utilized the suicide vector, 

pYUB657, which expresses a hygromycin resistance cassette and a counter-selectable 

marker, to introduce an allelic exchange-based deletion of hip1 (Fig. S1A). The resulting 

BCGΔhip1 strain harbored a complete deletion of hip1 from its genome, which we 

verified via PCR amplification of the genomic region as well as through Southern blot 

analysis (Fig. S1B and S1C).  Next, we sought to determine the effect of deleting hip1 on 

BCG growth kinetics.  We observed no significant differences between BCG, BCGDhip1, 

and BCGDhip1 complemented with hip1 (BCGDhip1 comp) on growth in 7H9 broth 

(Fig. 1A). Additionally, these strains, grew comparably in bone marrow-derived dendritic 

cells (BMDCs) over 5 days of culture (Fig. 1B). 

 

BCGΔhip1 elicits robust DC cytokine responses compared to BCG 

DC cytokine production is a canonical signal driving differentiation of naïve CD4 T cells 

to specific CD4 T-helper (Th) subsets.  We therefore sought to compare cytokine 

responses from DCs infected with BCG or BCGΔhip1.  We infected BMDCs from 

C57BL/6J mice with BCG, BCGΔhip1 or BCGDhip1 comp and measured DC cytokine 

production by ELISA. DCs infected with BCGΔhip1 produced significantly higher levels 

of IL-6 and IL-12p40 than DCs infected with BCG. Importantly, cytokine levels induced 

by BCGΔhip1 were restored to BCG levels after infection with the complemented strain 

(Fig. 2A), indicating that BCG limits DC cytokine production through hip1.  We next 
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infected DCs with BCG or BCGΔhip1 at multiplicities of infection (MOI) of 10 and 20 

and assessed cytokine levels in the supernatant at 24, 48 and 72 hours after infection by 

ELISA.  DCs infected with BCGΔhip1 produced significantly higher levels of IL-6 and 

IL-12p40 relative to BCG infection at all MOIs and time points tested (Fig. 2B).  

Notably, incubation of DCs with heat-killed BCGΔhip1 also resulted in significantly 

higher levels of cytokines compared to heat-killed BCG, indicating that enhanced 

cytokine production by DCs infected with BCGΔhip1 was not dependent on viability of 

the bacteria (Fig. 2C). Further, we found that bone marrow-derived macrophages 

(BMDMs) infected with BCGΔhip1 produced higher levels of IL-6 and IL-1b compared 

to BCG-infected BMDMs at all MOIs tested (Fig. 2D). These data demonstrate that 

deletion of hip1 in BCG results in significantly augmented pro-inflammatory cytokine 

production from both infected DCs and macrophages. 

   

BCGDhip1 enhances expression of costimulatory molecules on infected DCs 

Following infection, DCs undergo maturation, which is required for optimal antigen 

presentation and initiation of antigen-specific CD4 T cell responses. DCs present antigens 

via MHC class II complexes and provide critical costimulatory signals to CD4 T cells 

through upregulation of molecules such as CD40 and CD86. We determined the 

expression levels of MHC class II and the costimulatory molecules CD40 and CD86 on 

DCs infected with BCG or BCGDhip1 by flow cytometry. DCs infected with BCGΔhip1 

expressed higher levels of MHC class II, CD40, and CD86 when compared to BCG-

infected DCs (Fig. 3).  These data suggest that deletion of hip1 in BCG enhances DC 

maturation and expression of costimulatory molecules.  
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Enhanced polarization of IFN-g and IL-17- producing antigen-specific CD4 T cells 

by DCs infected with BCGDhip1 

IL-12 is known to drive the polarization of IFN-g-producing Th1 subsets while IL-6, IL-

1b, and IL-23 can drive the polarization and expansion of IL-17-producing Th17 subsets 

(109). Since DCs infected with BCGΔhip1 induced higher levels of pro-inflammatory 

cytokines (Fig. 2) and displayed an enhanced maturation profile (Fig. 3) compared to 

BCG infection, we hypothesized that BCGDhip1-infected DCs would more effectively 

polarize antigen-specific CD4 T cells towards Th1 and Th17 subsets compared to BCG-

infected DCs. To test this, we co-cultured DCs infected with BCG or  

BCGΔhip1 with naïve ovalbumin-specific TCR transgenic CD4 T cells (OT-II) for 3 

days in the presence of cognate peptide (OVA323-339). Levels of IFN-g, IL-17, and IL-2 

were measured via ELISA (Fig. 4A). DCs infected with BCGΔhip1 promoted 

significantly higher levels of IFN-g and IL-17 from antigen-specific CD4 T cells after co-

culture (Fig. 4A). This was consistent with the higher levels of the Th1-polarizing 

cytokine IL-12p40 induced by BCGDhip1-infected DCs as well as higher levels of Th17-

polarizing cytokines IL-6, IL-1b, and IL-23 compared to BCG-infected DCs (Fig. 4B). 

These data demonstrate that BCGDhip1-infected DCs have an enhanced capacity to 

induce antigen-specific IFN-g and IL-17 responses compared to BCG-infected DCs. 

 

Intratracheal instillation of DCs infected with BCGΔhip1 enhances lung CD4 T cell 

responses in vivo and improves control of Mtb burden following aerosol challenge. 
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Mucosal administration of DCs has been utilized to assess early antigen-specific T cell 

responses to mycobacteria in the lungs of mice (110), and antigen-loaded DCs have 

previously been shown to confer protection against Mtb challenge (108, 111-113). 

Therefore, we used a tractable DC intratracheal instillation model to assess antigen-

specific CD4 T cell responses in vivo following transfer of BCG or BCGDhip1-infected 

DCs, or control uninfected DCs, into the lungs of mice. After 6 days, we harvested lungs 

and assessed, by flow cytometry, antigen-specific CD4 T cell responses upon ex vivo 

stimulation of lung cells with Mtb whole cell lysate (WCL). We measured the number of 

activated CD44+ CD4 T cells in the lungs following intratracheal instillation of BCG or 

BCGDhip1-infected DCs, which reflects levels of CD4 T cell activation. We found higher 

numbers of CD44+ CD4 T cells in the lungs of mice that received DCs infected with 

BCGDhip1 compared to mice that received BCG (Fig. 5B), indicating that BCGDhip1-

infected DCs induced better activation of CD4 T cells in vivo. Next, we assessed the 

functionality of antigen-specific CD4 T cells in the lungs by measuring cytokine 

responses by intracellular cytokine staining (ICS) and flow cytometry following 

restimulation with WCL. We found higher numbers of antigen-specific CD4 T cells 

producing IL-2, IFN-γ, TNF-α, and IL-17 in the lungs of mice that received BCGDhip1 

DCs compared to BCG DCs (Fig. 5C). Moreover, the proportion of CD4 T cells 

producing at least three cytokines expanded in the lungs of animals that received 

BCGDhip1 DCs compared to those that received BCG DCs (Fig. 5D). Interestingly, we 

observed a higher frequency of CD4 T cells producing IFN-g, IL-2, and TNF-a in 

animals that received BCGDhip1 DCs compared to BCG DCs (Fig. 5D). Triple cytokine-

producing CD4 T cells, conventionally termed polyfunctional CD4 T cells, are thought to 
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be indicative of a more protective adaptive immune response (114). To investigate 

whether mucosal administration of DCs exposed to BCGDhip1 would provide enhanced 

bacterial control compared to BCG after low dose aerosol Mtb challenge, we 

intratracheally instilled BCG DCs or BCGDhip1 DCs, rested mice for 2 weeks prior to 

aerogenic challenge with low-dose Mtb H37Rv, and determined lung Mtb bacterial 

burden 4 weeks post-challenge. As shown in Fig. 5E, mice that received BCGΔhip1-

infected DCs harbored significantly less Mtb CFU post-challenge compared to mice that 

received BCG-infected DCs (Fig. 5E). These results demonstrate that mucosal-targeted 

approaches using BCGDhip1 can augment antigen-specific CD4 T cell responses 

compared to BCG and lead to enhanced control of Mtb burden. 
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DISCUSSION 

 

The interplay between mycobacteria and DCs is a critical consideration for rational 

development of efficacious vaccines for TB. In this study, we demonstrate that deletion 

of the BCG serine protease, Hip1, promotes robust DC activation and enhances antigen-

specific lung CD4 T cell responses.  We have shown that BCGΔhip1-infected DCs 

produce higher levels of cytokines, express elevated levels of costimulatory molecules, 

and enhance CD4 T cell responses both in vitro and in vivo compared to DCs infected 

with BCG. These data provide insight into the sub-optimal immunogenicity of BCG and 

demonstrate that deletion of the immune evasion gene, hip1, in BCG promotes enhanced 

DC-T cell crosstalk that leads to better control of Mtb burden. 

 

The underlying reasons for the variable efficacy of BCG as a TB vaccine are unclear. 

Since DCs are the key cells linking innate and adaptive immunity, the interaction 

between DCs and BCG is a critical factor in generating anti-mycobacterial T cell 

responses. Our results are consistent with a growing body of literature suggesting that 

BCG impairs innate and adaptive immune responses. BCG has been shown to adversely 

impact antigen-specific CD4 T cell activation through the upregulation of PD-L1 and PD-

L2 (115), and diminish activation of antigen-specific CD8 T cells by inducing DC death 

(116). Furthermore, BCG-infected DCs produce significantly lower levels of IL-23, IL-

1b, TNF-a, and IL-12 than Mtb-infected DCs (117), indicating that BCG stimulates 

weaker innate immune responses than Mtb.  Interestingly, a study by Satchidanandam et 

al showed that overexpression of an Mtb glycosylated protein, Rv1860, in BCG impaired 
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DC maturation, attenuated Th1 and Th17 polarization, and led to subsequent loss of 

protection against Mtb challenge conferred by BCG vaccination (118), suggesting that 

Mtb proteins that negatively impact DC responses can attenuate the protective effect of 

BCG vaccination. Conversely, relatively little is known about BCG genes that retain 

immunomodulatory properties and thus promote impaired DC responses and sub-optimal 

T cell immunity. Our data showing that BCG Hip1 contributes to impaired DC cytokine 

production and maturation demonstrates that BCG retains immunomodulatory factors 

that negatively impact DC and T cell responses, leading to impaired control of Mtb after 

challenge.  

  

Several avenues have been explored for improving BCG immunogenicity and efficacy, 

including introduction of immunodominant proteins from Mtb (118-121), and expression 

of host proteins (122-128). The majority of studies utilizing recombinant or mutant 

strains of BCG are primarily focused on enhancing macrophage driven responses and 

functions, such as phagasomal maturation, apoptosis of infected macrophages, and 

bacterial escape from phagasomal compartments (129-134). For instance, a recombinant 

strain of BCG lacking urease production and expressing listeriolysin from Listeria 

monocytogenes (BCGDureC::hly) was shown to enhance apoptosis of infected 

macrophages (131), leading to increased central memory T cell responses (135), 

enhanced Th1 and Th17 immunity (136), and cross-presentation to CD8 T cells (132).  

Interestingly, deletion of anti-apoptotic gene nuoG in BCGDureC::hly showed enhanced 

efficacy over BCGDureC::hly (137).  Notably, we show evidence that BCGDhip1-

infected macrophages display enhanced cytokine production relative to BCG-infected 



	

	

39	

macrophages (Fig. 2). Since we utilized a mucosal transfer approach that exclusively 

utilized DCs, it will be important to address the role that macrophages may play at 

priming antigen-specific CD4 and CD8 T cell responses after vaccination with 

BCGDhip1.  

 

Relatively few studies have elaborated on BCG factors that can be targeted to improve 

DC responses. However, targeting DCs has proven to be a viable approach to improve 

Mtb-specific CD4 T cell responses after vaccination. H56, a subunit vaccine 

incorporating Ag85B, ESAT-6, and Rv2660, was shown to provide enhanced protection 

relative to BCG (138), and utilizes a liposome-based adjuvant (CAF01) that targets DCs 

(139). Furthermore, improving DC antigen-presentation by induction of autophagy has 

been shown to improve BCG immunogenicity and improve control of Mtb burden after 

challenge (140).  Our data show that transfer of BCGDhip1-DCs leads to enhanced lung 

CD4 T cell responses compared to transfer of BCG-DCs, including higher frequencies of 

antigen-specific, polyfunctional CD4 T cells contributing to better control of Mtb burden 

after challenge (Fig. 5). Thus, our studies suggest that deleting BCG hip1 alone, or in 

concert with deleting additional immune evasion genes, is a feasible approach to enhance 

DC functions for the rational improvement of BCG as a vaccine. A growing number of 

studies indicate that vaccination through the mucosal route induces robust antigen-

specific responses that confer better protection at mucosal surfaces, such as the lung, 

relative to parenteral routes (108, 111, 112, 141-146). Using an intratracheal DC 

installation model, we observed that transfer of DCs infected with BCGDhip1 into mouse 

lungs more effectively activated CD4 T cells, induced higher numbers of antigen-specific 
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mucosal CD4 T cells secreting IFN-γ, IL-2, TNF-a, and IL-17 in vivo, and led to 

enhanced Mtb control after challenge compared to transfer of BCG-DCs. These studies 

provide proof of principle data and reveal insights into BCG interactions with DCs, but 

may not mirror mucosal vaccination using bacteria alone. Bacteria encounter a wider 

variety of myeloid cells in the lungs, including alveolar macrophages and lung DC 

subsets, that may differ from BMDCs. Therefore, further studies examining the effects of 

BCGDhip1 utilizing more traditional vaccination approaches are of interest. 

 

In summary, our work supports a growing body of evidence that enhancing DC functions 

will improve BCG-induced immunity. Deletion of hip1 in BCG augmented DC functions, 

improved antigen-specific CD4 T cell responses in the lungs, and promoted enhanced 

control of Mtb burden after challenge. These data indicate that strategies targeting BCG 

immune evasion genes, such as hip1, are a viable avenue for improving innate and 

adaptive immunity to provide enhanced control of Mtb. 
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Figure 1.  Deletion of hip1 from BCG does not affect growth of BCG in broth or in 

dendritic cells. (A) BCG Danish, BCGDhip1, or complemented BCGDhip1 (comp) were 

inoculated into 7H9 liquid medium supplemented with OADC and glycerol at a starting 

OD600 of 0.05, were incubated at 37°C shaking, and the absorbance of the cultures at 

OD600, was recorded daily. (B) BMDCs from C57BL/6J mice were infected with BCG, 

BCGDhip1, or comp and grown at 37°C.  DCs were collected and lysed at the indicated 

time points, and bacteria were plated on 7H10 plates for CFU determination. Values are 

presented as means ±SD. 
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Figure 2. BCG∆hip1 induces stronger pro-inflammatory cytokine production from 

innate immune cells. (A) BMDCs from C57BL/6J mice were infected with BCG, 

BCGΔhip1, or BCGΔhip1 complemented with hip1 (BCG comp) at a multiplicity of 

infection (MOI) of 10 and incubated at 37°C.  After 24 hours, the culture supernatants 

were assessed for levels of IL-6 and IL-12p40 via ELISA. (B) BMDCs were infected 

with varying MOIs (10 and 20) of BCG or BCGΔhip1, and culture supernatants were 

assayed for IL-6 and IL-12p40 at 24, 48, and 72 hours post-infection. Heat-killed BCG or 

BCGΔhip1 were exposed to BMDCs (C) or BMDMs (D) at MOIs of 5, 10, and 20 for 24 

hours at 37°C. Culture supernatants were tested for IL-6 and IL-12p40 (C) or IL-6 and 

IL-1β (D) via ELISA. Statistical significance was determined by unpaired two-tailed 

student’s t-test. Values are presented as mean ±SD. *p<0.05, **p<0.01, ***p<0.001 

****p<0.0001, ns= no significance, ui= uninfected  
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Figure 3. BCG∆hip1 enhances expression of costimulatory molecules on infected 

DCs. BMDCs from C57BL/6J mice were either uninfected, infected with BCG or 

BCG∆hip1 (MOI 10), or stimulated with LPS (1 µg/ml) for 24 hours. BMDCs were then 

stained for maturation markers CD86 (top), CD40 (middle), and MHC class II (bottom). 

Representative histograms (left) and summary graphs (right) of median fluorescence 

intensities of each marker is shown.  Cells were pre-gated on live, CD11c+CD11b+ 

singlets. Statistical significance was determined by unpaired two-tailed student’s t-test. 

Values are presented as mean ±SD. *p<0.05, **p<0.01, ****p<0.0001, ns= no 

significance. 
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Figure 4. DCs infected with BCGΔhip1 induce higher levels of IFN-g and IL-17 

production from CD4 T cells compared to BCG. BMDCs from C57BL/6J mice were 

pulsed with OVA323-339 peptide, and 6hrs later, infected with BCG or BCGDhip1. After 

24 hours, culture supernatants were removed and purified OT-II CD4 T cells were added 

to the adherent BMDC monolayer at a 4:1 T cell to DC ratio. 3 days after addition of 

CD4 T cells, culture supernatants were collected and IL-2, IFN-γ, and IL-17 levels were 

assessed via ELISA (A). Levels of IL-6, IL-1b, IL-12p40, and IL-23 from culture 

supernatants containing solely BMDCs were assessed via ELISA (B).  Statistical 

significance was determined by unpaired two-tailed student’s t-test. Values are presented 

as mean ±SD. *p<0.05, **p<0.01, ns= no significance. 
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Figure 5. Intratracheal instillation of DCs infected with BCGΔhip1 enhances 

mucosal CD4 T cell responses and improves control of Mtb burden after aerosol 

challenge. (A) Diagram of experimental design. BMDCs were exposed to BCG or 

BCGDhip1 or were left uninfected for 24 hours prior to being intratracheally instilled 

(1x106 per mouse). Mice that did not receive any DCs were used as no transfer (NT) 

controls. Lung immune responses were assessed 1-week post-intratracheal instillation. 

Remaining animals were challenged 2 weeks post-intratracheal instillation with low dose 

aerosolized Mtb (H37Rv) and lung bacterial burden was assessed 4 weeks post-challenge. 

(B) Representative plots of the frequencies (left) and summary graph of the absolute 

counts (right) of CD4+CD44+ cells in the lungs 1-week post-intratracheal instillation. (C) 

Lung IFN-g+ CD4+ cells (top) and IL-2+, TNF-a+, IL-17+ CD4+ cells (bottom) responding 

to whole cell lysate restimulation 1 week post-intratracheal instillation. (D) Pie chart 

depicting lung CD4+ cells secreting 1 (red), 2 (green), 3 (blue), or 4 (yellow) cytokines 

after whole cell lysate restimulation 1 week post-intratracheal instillation (left). Summary 

graph of the frequency of lung polyfunctional (IFN-g+IL-2+TNF-a+) CD4+ cells 

responding to whole cell lysate restimulation 1week post-intratracheal instillation (right). 

Cells were pre-gated on live, CD3+CD8-TCR gd- singlets. (E) Lung bacterial burden at 4 

weeks post-challenge from animals that received uninfected BMDCs or BMDCs 

stimulated with BCG or BCGDhip1. Statistical significance was determined by unpaired 

two-tailed student’s t-test.  Values are presented as mean ±SD. *p<0.05, **p<0.01, 

***p<0.001, ns= no significance. 
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Figure S1. Southern blot and PCR analysis of BCGDhip1.  (A) pEBOP-2 suicide 

vector schematic, chromosomal locus for hip1, and schematic of Dhip1 allele. NcoI 

restriction endonuclease sites are denoted.  The Southern probe used is represented by a 

black box, while cyan arrows indicate PCR amplification primers. (B) Southern blot of 

NcoI digested genomic DNA purified from WT BCG or BCGDhip1 probed with 

digoxigenin (DIG)-labeled amplicon of the 1kb region upstream of hip1.  Black arrows 

denote molecular weight marker values, while black arrowheads indicate DNA detected 

by probe. (C) PCR amplification of the genomic region surrounding hip1 using primers 

1.6kb upstream and 2.8kb downstream of hip1.  Black arrows denote molecular weight 

marker values, while black arrowheads indicate amplified DNA.  The contrast and 

brightness of the Southern blot and DNA gel were adjusted for clarity.   
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Chapter 3 

Molecular characterization of the secreted Mycobacterium tuberculosis protease, 

Rv2223c  

Note: Chapter 3 is adapted from a manuscript currently under preparation with the 

following authorship: 

Erica Bizzell, Maria Georgieva, Vaibhav Vindal, Jaqueline Naffin-Olivos, Gregory 

Petsko, Dagmar Ringe, and Jyothi Rengarajan 
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ABSTRACT 

 

Mycobacterium tuberculosis (Mtb) has evolved multiple strategies to evade host immune 

defenses and replicate within immune cells.  These include alteration of its complex cell 

wall during intracellular growth, and secretion of effectors that modulate immune 

responses and enhance pathogen survival. Several pathogenic bacteria use extracellularly 

secreted proteases to regulate processes ranging from repression of cytokine production 

to degradation of surface-associated host proteins. While Mtb encodes several putative 

secreted proteases, their functions are poorly understood. One such protease, Rv2223c, is 

transcribed from a predicted operon with a cell wall-associated serine protease, Hip1 

(Rv2224c) with which it shares 47% amino acid identity. Here, we show that Rv2223c 

and hip1 are highly conserved in close genomic proximity across pathogenic and non-

pathogenic mycobacterial strains. We have observed that unlike Hip1, Rv2223c is 

secreted from mycobacterial cells and undergoes further autoproteolytic cleavage upon 

secretion.  We have previously reported that Hip1 contributes to dampening of immune 

responses during Mtb infection, partly though its cleavage of the Mtb GroEL2 protein. 

Here, we have found that Rv2223c interacts with GroEL2, but is unable to complement 

the hip1 mutant Mtb GroEL2 cleavage defect.  We provide insights into the molecular 

functions of Rv2223c and support to the hypothesis that Rv2223c and Hip1 likely 

cooperatively play a crucial role in mycobacterial survival. 

 

  



	

	

53	

INTRODUCTION 

 

With over 10 million new cases reported in 2015 alone, tuberculosis (TB) continues to 

plague the human population despite its emergence over 8,000 years ago. The apparent 

success of the causative agent TB, Mycobacterium tuberculosis (Mtb), can be attributed 

in part to its employment of a multitude of strategies that modulate host responses.  These 

evasion tactics include, but are not limited to, modification of the complex Mtb cell wall 

and secretion of effector proteins and/or cell wall components, which act directly on host 

cells to modulate immune responses and enhance pathogen survival.  The current 

treatment for TB involves a 6-month daily multi-drug regimen, to which non-adherence 

is a continued issue. Thus there is a pressing need for new anti-tubercular drugs and 

therapies that shorten treatment, and vaccines that protect against TB. To identify new 

drug targets and vaccine candidates for TB, we need a better understanding of Mtb genes 

involved in pathogenesis and their underlying molecular and biochemical mechanisms. 

Several genome-wide mutagenesis screens, including our own, have highlighted many 

Mtb gene products that are critical for Mtb virulence, but the precise molecular functions 

of most of these factors remain poorly defined. 

 

Many pathogenic bacteria species utilize proteases to regulate a diverse range of host 

processes.  Pathogenic bacterial proteases exported to the cell wall or secreted 

extracellularly are optimally localized for direct interactions with host cells, and have 

been shown to assist in bacterial evasion of host responses through methods such as 

suppression of cytokine production (147), degradation of surface-associated host 
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receptors (148), and cleavage of molecules of the host complement pathway (149).  

Notably, protease inhibitors have been successful in treating a number of infectious 

diseases, while multiple studies have revealed promising effects of targeting Mtb 

virulence-associated proteases (150-153).  Over 100 predicted proteases are encoded in 

the Mtb genome, of which very few have been extensively studied.  The Mtb gene, 

Rv2223c, encodes for a predicted extracellularly secreted serine protease.  Rv2223c lies 

directly downstream of the gene for the Mtb immune evasion serine protease, Hip1 

(hydrolase important for pathogenesis)/ Rv2224c.  Recent work solving the 3D crystal 

structure of Hip1 has shown the enzyme to belong to a novel family of proteases, of 

which Rv2223c also appears to belong. 

 

Hip1 is an Mtb cell wall-associated serine protease, which we have previously shown to 

play an important role in Mtb modulation and evasion of host innate and adaptive 

immune responses. Several studies have revealed that Hip1 is involved in blunting early 

innate immune responses such as cytokine production from infected macrophages and 

dendritic cells (DCs), leading to suboptimal T cell immunity and attenuated Mtb 

virulence.  Further, we have previously shown that the effects of Hip1 on Mtb 

immunogenicity are due in part to Hip1-mediated proteolytic cleavage of Mtb GroEL2.  

The close genomic proximity of Rv2223c and Rv2224c (hip1) suggest that the two 

proteins may work in conjunction with one another.  However, the prediction that 

Rv2223c may be secreted from bacterial cells suggests that the protein may have 

independent and unique functions apart from those of Hip1.   
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The aim of this study was to define the molecular characteristics of Rv2223c and to 

explore the relationship between Rv2223c and Hip1.  Here we show that Rv2223c and 

Hip1 are both highly conserved across a wide range of mycobacterial species with little to 

no variability across pathogenic species.  We also show that while Rv2223c shares many 

similarities with Hip1, it is secreted extracellularly, displays unique autoproteolytic 

characteristics, and appears to have a separate, yet unknown function from Hip1 in Mtb 

pathogenesis. 
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RESULTS 

 

Mtb Rv2223c is closely related to the cell wall-associated protease, Hip1(Rv2224c). 

In order to gain insight into the structural features of the previously uncharacterized Mtb 

protein, Rv2223c, we first utilized a bioinformatics approach.  Running the Rv2223c 

amino acid sequence through BLASTp revealed that the protein, which is classified as a 

member of the novel CaeA (Hip1) alpha-beta hydrolase family, is comprised of two 

alpha-beta hydrolase domains, one of which corresponded to a tripeptidyl aminopeptidase 

(TAP) like family of bacterial peptidases, and an N-terminal region likely corresponding 

to a signal peptide (Fig1A).  Rv2223c is transcribed directly downstream of Rv2224c 

(hip1), the gene for the Mtb serine protease, Hip1, which has previously been shown to 

display serine protease activity (74, 76). Using the EMBOSS Needle pairwise sequence 

alignment tool, we found that Rv2223c and Hip1 share 47% amino acid sequence identity 

and 60% similarity (Fig 1B).  Importantly, the residues comprising the known catalytic 

active site for Hip1 are conserved in Rv2223c, forming the catalytic triad S232, D461, and 

H488 (Fig. 1C).  As the Hip1 crystal structure was recently solved (103), using the 

SWISS-MODEL online software, we were able to develop a predicted 3D model of the 

Rv2223c tertiary structure based on the known Hip1 structure (Fig 1C).  Highlighted in 

red are the predicted catalytic active site residues within this model.  

 

Rv2223c and hip1 are highly conserved across mycobacterial species 

We next analyzed 59 mycobacterial species, including 20 Mtb strains, and found that 

both genes are conserved across both non-pathogenic and pathogenic species, including 
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within the highly niche-adapted M. leprae genome.  Phylogenetic analysis revealed very 

little sequence divergence among pathogenic mycobacterial strains for both Rv2223c and 

Hip1 as indicated by the tree branch lengths (Fig 2).  Conservation of both genes across 

such a wide range of species suggests that Rv2223c and Hip1 may be involved in 

functions essential for survival of all mycobacteria.  Short (<100bp) intergenic regions 

within a bacterial genome can be an indicator of co-transcription of two given genes, 

which often suggests protein involvement in similar cellular processes. We therefore 

investigated the conservation of the intergenic region length between Rv2223c and hip1.  

We found that a mean intergenic length of 62bp was conserved throughout all pathogenic 

mycobacterial genomes assessed (Table 3, Fig. S1).  We observed much more variability 

within the Rv2223c-hip1 intergenic regions of non-pathogenic mycobacteria, with a mean 

intergenic length of 103.5bp (Fig. S1).  These findings further suggest that Hip1 and 

Rv2223c may work in conjunction with one another.  

 

Rv2223c is secreted from mycobacterial cells in a secretion signal sequence-

dependent manner 

Rv2223c is annotated as a probable exported protease of Mtb.  In order to determine 

whether Rv2223c is secreted from mycobacterial cells we expressed Rv2223c containing 

a C-terminal FLAG epitope tag, in Mycobacterium smegmatis (Msm) . Anti-FLAG 

Western blotting showed that Rv2223c was found in both the cellular lysates/pellet 

protein fraction and the secreted supernatant protein fraction of Msm (Fig 3A).  Using the 

Sig-PRED online signal sequence predictive software, we determined the predicted 

secretion signal sequence to be comprised of the first 34 amino acids of Rv2223c (Fig 
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3A).  To test this prediction we next expressed C-terminally FLAG-tagged Mtb Rv2223c 

lacking its first 34 amino acids (Δ1-34 Rv2223c) in Msm and Mtb.  We found that Δ1-34 

Rv2223c was detected in the pellet protein fraction of but not in the supernatants of both 

Msm and Mtb (Fig 3A and 3B), indicating that Rv2223c secretion from mycobacterial 

cells is dependent on its 34 amino acid signal peptide sequence.  Further, this secretion 

appears to be neither SecA2 nor twin arginine transport (TAT) dependent, as we observed 

secretion of Rv2223c expressed in Msm strains deficient in these pathways (data not 

shown).  

 

Rv2223c undergoes cleavage that is dependent on its serine residue S232, between 

residues G41 and Q42. 

We observed two forms of Rv2223c present in the pellet protein fractions of Msm prior 

to secretion from bacterial cells and upon secretion into the bacterial culture supernatants, 

we detected further cleavage of Rv2223c to an even shorter form (Fig. 4A).  Based on 

these observations, we hypothesized that Rv2223c is expressed as a pro-enzyme, 

requiring further processing to reach its final mature form.  The three forms of Rv2223c 

that we observe in the pellet and supernatant fractions of Msm are thus predicted to 

represent (1) the pre-proenzyme, consisting of the full Rv2223c protein construct, (2) the 

proenzyme, which is made up of Rv2223c lacking its signal sequence and is present in 

both the pellet and the supernatant, and (3) the fully processed mature enzyme, which is 

the shortest form of the protein (Fig. 4A).  Several well-studied bacterial proenzymes, 

undergo the process of self-cleavage, or autoproteolysis, to transition from their 

proenzyme state to their mature active state (154-156).We therefore sought to determine 
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whether Rv2223c autoproteolytically cleaves itself from its proenzyme state to its final 

mature form.  In order to test this, we mutated the serine residue S232 within the catalytic 

triad of the predicted active site within Rv2223c, to an alanine residue, and expressed this 

FLAG-tagged construct in both Msm and Mtb.  This mutated Rv2223c S232A protein did 

not undergo the final cleavage to the predicted mature form upon secretion (Fig. 4A).  

The observation that Rv2223c cleavage in mycobacterial supernatants is dependent on 

S232 is consistent with the possibility that processing of Rv2223c to its mature form is a 

result of autoproteolysis. We next sought to determine where the final cleavage of the 

Rv2223c proenzyme to the mature enzyme occurs.  Based on the sizes of the cleaved 

forms of the proenzyme and mature form of Rv2223c (~70 and 65kDa respectively), we 

hypothesized that the cleavage site would lie within the amino acid residues 39-43 of 

Rv2223c (Fig 4B).  We used site-directed mutagenesis to map the cleavage site by first 

mutating two consecutive residues at a time to prolines, then assessing the processing of 

Rv2223c in mycobacterial supernatants.  This allowed us to hone in on the site of 

cleavage, as the Rv2223c G41P-Q42P mutant was unable to be cleaved to its final mature 

form (Fig 4C).  We then assessed the introduction of single mutations into the Rv2223c 

residues A40, G41, and Q42 to prolines, and found that we were unable to detect cleavage 

of the Rv2223c proenzyme in supernatants of both the G41P and the Q42P mutant 

expressing strains (Fig 4D).  These data suggest that the site at which the apparent 

Rv2223c autoproteolysis occurs is between residues G41 and Q42. 

 

Rv2223c interacts with Hip1 substrate, GroEL2, but is unable to complement 

cleavage in the hip1 Mtb mutant  
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Due to the similarities between the Mtb cell wall-associated protein, Hip1 and Rv2223c, 

we hypothesized that the two proteins may share common substrates. Publications from 

our laboratory have shown that the Mtb chaperonin-like protein, GroEL2, is a 

physiological substrate of Hip1, and a hip1 mutant strain displays aberrant cleavage of 

GroEL2 (74, 76).  As a first step towards determining whether Rv2223c is able to cleave 

GroEL2, we investigated the interaction between the two proteins.  Using a FLAG tag-

based co-immunoprecipitation approach, we looked for the interaction of either FLAG-

tagged wild type Rv2223c or the catalytically inactive S232A Rv2223c mutant with 

endogenous GroEL2 protein.  We observed that GroEL2 co-immunoprecipitated with 

both Rv2223c and S232A Rv2223c (Fig 5A).  We hypothesize that the apparent stronger 

interaction observed between S232A Rv2223c and GroEL2 may be due to the inability of 

the catalytically inactive enzyme to release its potential substrate, GroEL2.  Given the 

interaction of Rv2223c with GroEL2, we next chose ascertain whether Rv2223c was 

capable of complementing the defective GroEL2 cleavage seen in the hip1 mutant Mtb.  

While GroEL2 cleavage was partially restored via complementation of the hip1 mutant 

strain with Hip1, both from its natural promoter and from the constitutive GroEL2 

promoter, we were unable to detect any GroEL2 cleavage in the supernatants when 

Rv2223c was expressed within the hip1 mutant (Fig. 5B). In contrast, expression of both 

Rv2223c and Hip1 appeared to restore GroEL2 cleavage. These results, together with the 

interaction studies suggest that while Rv2223c may work in conjunction with Hip1 to 

cleave GroEL2 and potentially other substrates.  
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Discussion 

 

In this study we provide insight into the previously uncharacterized predicted protease, 

Rv2223c, which is closely related to the virulence associated Mtb protease, Hip1.  Here, 

we show evolutionary evidence that Hip1 and Rv2223c likely serve a critical role in 

mycobacterial survival as they are conserved across a wide range of mycobacterial 

species.  Our study also reveals that Rv2223c is secreted extracellularly and displays 

autoproteolytic activity upon secretion from mycobacterial cells. Moreover, Rv2223c and 

is able to interact with the Hip1 substrate, GroEL2.  While Rv2223c is unable to 

complement the GroEL2 cleavage defect of and Mtb hip1 mutant, we hypothesize that 

the two proteins may work in conjunction with one another in processes essential for 

mycobacterial pathogenesis.   

 

While over 100 predicted proteases are annotated in the Mtb genome (23), the majority of 

them have yet to be studied.  Our study is focused on the Mtb protease, Rv2223c and the 

closely related, serine protease, Hip1.  These proteases are of particular interest, as the 

genes for both proteins are conserved within the genome of both pathogenic and non-

pathogenic mycobacterial species.  Conservation of mycobacterial genes in the highly 

niche-adapted M. leprae strain, which contains ~1,600 coding genes compared to ~3,900 

in Mtb (23, 157), is thought to be a predictor of the core essential genes for mycobacterial 

pathogenesis.  Interestingly, both hip1 and Rv2223c are conserved in the M. leprae 

genome (158).  In this study, we have shown that these genes are not only conserved in 

slow-growing pathogenic mycobacteria, but in non-pathogenic strains such as the fast-
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growing Msm as well (Fig. 2).  Hip1 and Rv2223c are both individually predicted to be 

non-essential for in vitro growth of Mtb (159-161), while Hip1 has been shown to play an 

essential role in Mtb survival in macrophages and mice (107, 162, 163).  However, the 

broad mycobacterial conservation of both Hip1 and Rv2223c (Fig 2), along with their 

high similarity (Fig 1B), suggests that they may both be involved in essential cellular 

functions and may work in conjunction with one another.  Further supporting this 

hypothesis is our observation that Mtb appears to be resistant to deletion of the Rv2223c-

hip1 genomic region.  Attempts to delete both Rv2223c and hip1 together from Mtb via 

suicide vector allelic exchange resulted in compensatory mutations resulting in non-

specific recombination of the genes in another genetic locus in all strains harboring a 

confirmed knockout (data not shown), suggesting that deletion of both proteases is 

detrimental to Mtb survival.  

 

Microbial proteases have served as successful targets for a number of infectious diseases.  

Recently, more efforts have been taken to investigate potential protease inhibitors to 

combat TB (99, 100, 151).  One of the most promising targets for protease inhibitors is 

the ClpP protease complex, against which studies of several inhibitors have recently been 

directed (100, 101, 164, 165).  The Mtb ClpP protease complex, consists of two ClpP 

protease subunits, ClpP1 and ClpP2, neither of which display much activity alone, 

partnered with an ATPase to function (164).  Interestingly, we have reported that 

Rv2223c interacts with GroEL2, which we have previously shown to be a Hip1 substrate, 

but that it is unable to complement the hip1 mutant GroEL2 cleavage defect.  This 

observation leads us to hypothesize that Hip1 and Rv2223c may form a complex with 
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GroEL2.  GroEL2 is a chaperonin-like protein of Mtb, which is essential for Mtb growth 

in vitro, however studies of GroEL2 to date have not demonstrated its chaperone activity 

(166).  Although it has not yet been determined whether GroEL2 displays chaperone 

activity, we cannot rule out the possibility that if it does indeed function as a chaperone, 

its binding to Rv2223c to may be a result of this potential activity.  However, due to 

previous findings showing that complementation hip1 and Rv2223c together are better 

able to complement the hip1 mutant Mtb GroEL2 cleavage than hip1 complementation 

alone (74), we hypothesize that Hip1 and Rv2223c may form a complex that allows for 

optimal cleavage of their substrates (Fig 5C).  Further studies into this hypothesis are of 

great interest. 

 

Both Rv2223c and Hip1 share similar catalytic active sites consisting of Ser-Asp-His 

catalytic triad (Fig 1).  We have shown that Rv2223c undergoes autoproteolytic cleavage 

that is dependent on the S232 residue within its catalytic triad (Fig 4A).  Proteases from a 

number of bacterial pathogenesis have been shown to undergo autoproteolysis.  Within 

Mtb, the well-studied serine protease, MycP1 is expressed as pro-enzyme, requiring 

further autoproteolysis before activation of its mature enzyme (98, 167, 168).  While the 

Hip1-based crystal structure model of Rv2223c provides some insight into the potential 

activity of the enzyme (Fig 1C), further studies are currently underway purify Rv2223c in 

order to determine its proteolytic activity and actual crystal structure. 

 

Both Rv2223c and Hip1 contain protease domains similar to TAP proteins originally 

isolated from Streptomyces lividans (102, 169-171), which are the closest relatives to 
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these Mtb proteases.  Additionally, the recently solved crystal structure of Hip1 revealed 

that the protease belongs to a novel family, defined in part by the larger active site 

allowing for its likely additional function as an endopeptidase (103).  Through BlastP 

analysis of the Rv2223c amino acid sequence, we found that the protein belongs to the 

same novel family as Hip1.  Given their unique classification and their high conservation 

Hip1 and Rv2223c may provide a completely pathogen-specific drug target, which the 

homology of some of the current potential protease targets to host proteins does not allow 

for.   

 

A recent study of the periplasmically localized protease, MarP, which is necessary for 

Mtb establishment of infection as well as resistance to acid and oxidative stresses (172, 

173), showed selective inhibition of MarP to be capable of killing Mtb under acidic 

conditions (99).  We have previously shown that Hip1 is associated with the cell wall and 

cell membrane fractions of Mtb (74), and we have now shown that Rv2223c is secreted 

from mycobacterial cells (Fig. 3), making both proteases uniquely situated at the host-

pathogen interface. In view of their localization and the potentially vital roles that both 

proteases may play in mycobacterial survival, Hip1 and Rv2223c would make excellent 

candidates for future drug targeting studies.  
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Materials and Methods 

 

In silico analysis tools 

The amino acid sequence of Rv2223c and Hip1 were obtained from the NCBI protein 

database.  Rv2223c and Hip1 amino acid sequences were aligned and percent identity and 

similarity was determined via EMBOSS Needle pairwise alignment tool.  Functional 

domain predictions were determined using NCBI BLASTP.  The amino acid signal 

sequence was predicted using both SignalP and the Sig-Pred online signal sequence 

prediction tools.  The complete genome sequences of mycobacterial species analyzed 

were downloaded from NCBI FTP genomes server (ftp://ftp.ncbi.nlm.nih.gov/).  

Reciprocal Best BLAST Hit (RBBH) method was used to predict orthologous proteins in 

mycobacterial proteomes. Pairs of proteins, from two mycobacterium species, covering at 

least 50% sequence length of both the proteins in alignment and E-values lower than 10-

10 for both directions using BLASTP program, with all other parameters at default 

values, were selected as RBBHs (174-176). The stretch of DNA sequence located 

between genes was extracted as the intergenic sequence corresponding to the downstream 

gene. In the case of overlapping genes, an intergenic region with negative value was 

reported.  ClustalW sequence alignments between orthologs and maximum parsimony 

phylogenetic trees were generated using Mega7 software.  In order to generate the model 

crystal structure of Rv2223c, the amino acid sequences of Rv2223c and Hip1 were 

aligned via Clustal Omega, and this result was then entered into the SWISS-MODEL 

software (https://swissmodel.expasy.org/). 
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Bacterial strains and culture conditions 

Mycobacterium tuberculosis (H37Rv), hip1 mutant, hip1 mutant complemented (with 

hip1, Rv2223c, or hip1+Rv2223c), were grown at 37ºC in Middlebrook 7H9 (Difco) 

broth supplemented with 10% oleic acid-albumin-dextrose-catalase (OADC), 0.2% 

glycerol and 0.05% Tween 80 or on Middlebrook 7H10 agar supplemented with 10% 

OADC, 0.5% glycerol, and 0.2% Tween 80.   Mycobacterium smegmatis (mc2155) was 

grown under the same conditions in broth or on agar supplemented with 10% albumin-

dextrose-catalase (ADC) instead of OADC.  Media for the hip1 mutant strain contained 

20µg/ml of kanamycin.  Media for complemented Δhip1 ΔRv2223c Mtb was 

supplemented with 50µg/ml of hygromycin or 20µg/ml of kanamycin. 

 

Cloning of constructs and site-directed mutagenesis 

WT Mtb Rv2223c was amplified from H37Rv genomic DNA using forward primer, 

JR376 – 5’-GCAAGATCTCGGTGAGACGATGGCGGCC-3’ and reverse primer, 

JR338 – 5’-GTAGTCCCATATGGAGCCGCCGGGCGCGCACCGCAGAC-3’.  Δ1-34 

Rv2223c was amplified using forward primer, JR377 – 5’-

GCAAGATCTCGGTGAGACGATGACTGAAGAACCCGGCG-3’ and reverse primer, 

JR338.  Both amplicons were digested with BglII and NdeI, and ligated into BamHI and 

NdeI-digested plasmid, pEB03 (pMV762 containing a C-terminal FLAG tag with an 

upstream linker containing an NdeI restriction site) in order to make the plasmids pEB08 

(WT Rv2223c) and pEB12 (Δ1-34 Rv2223c).  Site-directed mutagenesis was performed 

on WT Rv2223c according to the MEGAWHOP site-directed mutagenesis technique 

(177).  An alanine mutation was introduced into the S232 amino acid residue of WT 
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Rv2223c within pEB08 using forward primer, JR501 – 5’-

CAATCCACCGCTGTACTAGTGCAATTGGGGAGC-3’, which introduced a SpeI 

cleavage site into the plasmid for later confirmation and reverse primer, JR390 – 5’-

TGCCCAACTCGGTGCCGTAGGCGTATCCGAGGTAGTTG-3’, which contained the 

S232A mutation.  This amplicon was then used as a “megaprimer” to amplify the full 

pEB08 plasmid, and to introduce both mutations, resulting in the plasmid pEB26.  A40P, 

G41P, and Q42P point mutations were introduced into pEB08 using the following reverse 

primers in conjunction with forward primer, JR501 respectively, JR502 – 

5’CCCGGGGTTTGGCCGGGGCCGGGTTCTTCAG-3’, JR503 – 

5’CCCGGGGTTTGGGGGGCGCCGGGTTCTTCAG-3’, and JR504 – 5’-

CGCACCCGGGGTTGGGCCGGCGCCGGGTT-3’, resulting in plasmids pEB39, 

pEB40, and pEB41.   

 

Preparation of mycobacterial supernatant and pellet protein fractions  

For pellet and supernatant fractions of M. tuberculosis or M. smegmatis, 50ml bacterial 

cultures were grown to an OD600 of 0.4-0.5, then centrifuged at 4000xg for 10 minutes.  

Pellets were washed twice, resuspended in 100ml Sauton’s medium supplemented with 

0.05% Tween 20 along with appropriate antibiotic, and grown to OD600 0.4-0.6.  Cultures 

were then centrifuged, washed twice, and resuspended in 50ml Sauton’s medium and 

allowed to grow for 3 hours (M. smegmatis) or overnight (Mtb).  Cultures were 

centrifuged and the supernatants were concentrated using Centricon Plus-70 centrifugal 

units (Millipore), and Mtb were filtered with 0.22µm Steriflip filtration device (Millipore) 

prior to concentration.  Pellets were resuspended in lysis buffer (25mM Tris, 50mM 
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NaCl, with or without 34mM BME, and Roche protease inhibition cocktail), transferred 

to lysing matrix B bead-beating tubes (MP Biomedicals) and subjected to bead beating 

(3X one minute each with five-minute rests on ice).  They were then centrifuged at 

12,000xg for 20 minutes and supernatants were saved for later analysis via Western blot. 

 

Co-Immunoprecipitation 

To obtain protein extracts from M. smegmatis or M. tuberculosis, cultures were grown to 

an OD600 of 0.4-0.6.  Bacterial cultures were then pelleted at 4,000xg for 10 minutes and 

the bacterial cells were resuspended in lysis buffer (50mM tris, 150mM NaCl, 0.5% 

Triton X-100) at 3ml/1mg of pellet.  Pellet slurries were placed in lysing matrix B tubes 

(MP Biomedicals Inc.) and bacterial cells were lysed via bead beating for one minute 

three times with five minute incubations on ice in between.  200-800µg of bacterial lysate 

protein extracts were then added to 25µl of prewashed, chilled anti-FLAG magnetic 

beads (Sigma).  This suspension was brought to a total volume of 1ml with lysis buffer 

and incubated at 4ºC under constant rotation.  After 10-16h of incubation, suspension 

tubes were placed on a magnetic stand, the unbound protein fraction was collected, beads 

were washed twice with TBS buffer (50mM Tris, 150mM NaCl, pH 7.4), and bound 

proteins were finally eluted from magnetic beads using 300ug/ml 3X-FLAG peptide 

(Sigma) in TBS buffer. 

 

Western blotting 

Protein samples were denatured by boiling for 5 minutes with Unpaged 1X LDS buffer, 

and then centrifuged at 12,000xg for 2 minutes.  Protein samples were separated via 
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electrophoresis on a NuPAGE 10% Bis-Tris gel, and were then transferred to a 

nitrocellulose membrane using the NuPAGE blotting system.  Membranes were blocked 

with 3% Blotto in TBST (150mM NaCl, 25mM Tris-HCl pH 7.4, 0.1% Tween 20) for 

1hr at room temperature or overnight at 4°C, then incubated with primary antiserum at 

4°C overnight.  Primary antisera included anti-FLAG (1:1000 in TBST, Sigma-Aldrich, 

St. Louis, MO), anti-sigma 70 (1:2000 dilution in 3% Blotto, NeoClone, Madison, WI), 

anti-His tag (1:2000 dilution in 3% Blotto, Abcam, Cambridge, MA), and anti-Hsp65 

monoclonal antibody (1:2000 dilution in 3% Blotto, Enzo Life Sciences, Farmingdale, 

NY).  Membranes were washed in TBST for 10 minutes and incubated for 1hr at room 

temperature with goat anti-mouse IgG peroxidase conjugated secondary antibody 

(Thermo Fisher Scientific, Waltham, MA) (for anti-His, anti-Hsp65, and anti-sigma 70).  

Blots were developed using the SuperSignal West Pico Chemiluminescent Substrate kit 

(Thermo Fisher Scientific, Waltham, MA) and visualized using UVP Biospectrum 

imaging system (Upland, CA). 
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Table 1: Primer list 
 

 
 

 
Table 2: Plasmid list 
 

Plasmid Description 
pEB08 pMV762-PgroEL-Rv2223-FLAG 
pEB12 pMV762-PgroEL-*Rv2223-FLAG (w/out signal seq) 
pEB26 pMV762-PgroEL-Rv2223 (S232A)-FLAG 
pEB39 pMV762-PgroEL-Rv2223c (A40P)-FLAG 
pEB40 pMV762-PgroEL-Rv2223c (G41P)-FLAG 
pEB41 pMV762-PgroEL-Rv2223c (Q42P)-FLAG 

 
 
Table 3: Mycobacterial intergenic regions 

 

Species name 
NCBI Ref 
Seq ID# 

Intergenic 
region (bp) 

Pathogen (P)/Non-
pathogen (NP) 

M. sp. MCS NC_008146.1 -10 NP 

M. abscessus-Bolletii  NC_021278.1 26 NP 

M. abscessus  NC_010394.1 35 NP 

Mtb-H37Rv NC_000962.3 61 P 

M. africanum NC_015758.1 61 P 

M. bovis AF2122/97 NC_002945.3 61 P 

M. bovis BCG-Korea NC_020245.2 61 NP 

M. bovis BCG-Mexico NC_016804.1 61 NP 

Primer Sequence Details 
JR376 GCAAGATCTCGGTGAGACGATGG

CGGCC 
F Rv2223 w/BglII site 

JR377 GCAAGATCTCGGTGAGACGATGA
CTGAAGAACCCGGCG 

F Rv2223 w/out signal w/BglII site 

JR338 GTAGTCCCATATGGAGCCGCCGG
GCGCGCACCGCAGAC 

R Rv2223 (w/NdeI site) 

JR501 CAATCCACCGCTGTACTAGTGCA
ATTGGGGAGC 

F-megawhop primer  w/SpeI site  for 
site-directed mutagenesis  

JR390 TGCCCAACTCGGTGCCGTAGGCG
TATCCGAGGTAGTTG 

R Site-directed mutagenesis S232A  

JR502 CCCGGGGTTTGGCCGGGGCCGGG
TTCTTCAG 

R Site-directed mutagenesis A40P  

JR503 CCCGGGGTTTGGGGGGCGCCGGG
TTCTTCAG 

R Site-directed mutagenesis G41P  

JR504 CGCACCCGGGGTTGGGCCGGCGC
CGGGTT 

R Site-directed mutagenesis Q42P  
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M. bovis BCG-Pasteur NC_008769.1 61 NP 

M. bovis BCG-Tokyo NC_012207.1 61 NP 

M. canettii  NC_019950.1 61 P 

M. canettii  NC_019965.1 61 P 

M. canettii NC_019951.1 61 P 

M. canettii NC_019952.1 61 P 

Mtb-Beijing/NITR203 NC_021054.1 61 P 

Mtb-CCDC5079 NC_021251.1 61 P 

Mtb-CCDC5180 NC_017522.1 61 P 

Mtb-CDC1551 NC_002755.2 61 P 

Mtb-CTRI NC_017524.1 61 P 

Mtb-EAI5/NITR206 NC_021194.1 61 P 

Mtb-EAI5 NC_021740.1 61 P 

Mtb-Erdman NC_020559.1 61 P 

Mtb-F11 NC_009565.1 61 P 

Mtb-H37Ra NC_009525.1 61 P 

Mtb-H37Rv NC_018143.2 61 P 

Mtb-Haarlem NC_022350.1 61 P 

Mtb KZN-1435 NC_012943.1 61 P 

Mtb KZN-4207 NC_016768.1 61 P 

Mtb KZN_605 NC_018078.1 61 P 

Mtb UT205 NC_016934.1 61 P 

Mtb 7199-99  NC_020089.1 61 P 

M.sp. JLS NC_009077.1 65 NP 

M.sp. KMS  NC_008703.1 65 NP 

M. leprae Br4923 NC_011896.1 74 P 

M. leprae TN NC_002677.1 74 P 

M. vanbaalenii NC_008726.1 78 NP 

M. smegmatis MC2-155 NC_018289.1 80 NP 

M. neoaurum VKM NC_023036.2 93 NP 

M. smegmatis MC2-155 NC_008596.1 128 NP 

M. sp. MOTT36Y NC_017904.1 146 NP 

M. indicus pranii NC_018612.1 146 NP 

M. yongonense  NC_020275.1 146 NP 

M. avium-ptb K10 NC_002944.2 150 NP 

M. avium-ptb MAP4 NC_021200.1 150 NP 

M. intracellulare ATCC13950 NC_016946.1 164 NP 

M. intracellulare MOTT2 NC_016947.1 164 NP 

M. intracellulare MOTT64 NC_016948.1 164 NP 
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Figure 1. The predicted serine protease, Rv2223c is closely related to Mtb serine 

protease, Hip1. (A) Schematic of predicted domains of Rv2223c.  Catalytic triad 

residues are highlighted in red.  (B) Pairwise amino acid sequence alignment of Rv2223c 

with Hip1 (left).  Catalytic triad sites are highlighted in yellow. Dot-plot depicting amino 

acid sequence similarity between Rv2223c and Hip1 (right).  (C) Model crystal structure 

of Rv2223c with catalytic triad amino acid residues highlighted in red. 
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Figure 2. Rv2223c and Hip1/Rv2224c are both highly conserved across 

mycobacterial species.  Phylogenetic trees of Rv2223c and Hip1 across 59 

mycobacterial species. 

 
Rv2223c          Hip1/Rv2224c
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Figure 3. Rv2223c is secreted from cells in a signal sequence dependent manner.   
(A) Schematic of predicted signal sequence of Rv2223c (right).  Western blot of pellet 

and supernatant protein fractions from Msm expressing FLAG-tagged Rv2223c or D34 

Rv2223c (B) Western blot of pellet and supernatant protein fractions from Mtb 

expressing FLAG-tagged Rv2223c or D34 Rv2223c.  SigA serves as a pellet fraction 

control. 
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Figure 4. Rv2223c undergoes S232-dependent autoproteolytic processing upon 

secretion between residues G41 and Q42. (A) Western blot of M. smegmatis expressing 

Rv2223c or S232A Rv2223c (left), and schematic of predicted enzyme forms (right).  

Arrows with numbers indicate the predicted enzyme forms on the Western blot. (B) 

schematic of cleavage site.  Mutated residues are depicted in red. (C and D) Western 

blots of supernatants from Msm expressing FLAG-tagged Rv2223c with the indicated 

mutations.  
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Figure 5. Rv2223c interacts with GroEL2 in vitro, but fails to complement GroEL2 

cleavage in vivo. (A) (Top panel) Western blot of GroEL2 co-immunoprecipitated with 

FLAG-tagged Rv2223c or S232A Rv2223c from Msm .  (Bottom panel) GroEL2 Western 

blot of Msm lysates. (B) GroEL2 Western blot of supernatants from the indicated Mtb 

strains. (C) Predictive model of Rv2223c and Hip1 action.   
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Figure S1. Pathogenic mycobacteria have tightly-conserved Rv2223c-hip1 intergenic 

region. (Left) Schematic of the Rv2223c-hip1 genetic locus from H37Rv, and a 

representation of intergenic bp insertions. (Right) Graphical comparison between 

pathogenic and non-pathogenic mycobacteria of the bp length of the intergenic region 

between Rv2223c and hip1 of 47 mycobacterial strains. 
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Chapter 4 

Unpublished Data 
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Attempts to Purify Rv2223c for biochemical studies 

Expression and purification of Rv2223c from Mycobacterium smegmatis (Msm) 

Unlike the cell wall-anchored Hip1 protease of Mtb, Rv2223c, in its pro-enzyme and 

mature enzyme forms, is secreted into the culture supernatants of both Mtb and Msm 

(Chapter 3 Fig 3).  We therefore decided to take advantage of the presence of this soluble 

Rv2223c protein by purifying it from mycobacterial supernatants in its native form 

(Table 3, Exp 1).  We expressed either wild type Rv2223c (pMG-EB1) or S232A Rv2223c 

(pEB38), which was shown in Chapter 3 to be catalytically inactive, with a C-terminal 

6X-histidine tag from an exogenous plasmid in Msm.  While we were able to detect the 

resulting purified protein via Western blot analysis and silver staining (Fig. 1), the levels 

of secreted protein were low and we were unable to purify sufficient quantities of protein 

for enzymatic studies, even from up to 6L of culture.  In order to obtain higher yields of 

purified protein, we therefore decided to purify recombinant Rv2223c from E. coli.   

 

Expression and purification of Rv2223c from E. coli cells (conducted in 

collaboration with Drs. Jackie Naffin-Olivos and Dagmar Ringe, Brandeis 

University) 

Previous studies of Mtb Hip1, with which Rv2223c shares 47% amino acid sequence 

identity and 60% similarity, revealed that when expressed in BL21star E. coli, the protein 

localized to inclusion bodies (76).  We cloned Rv2223c with deletions of either the first 

34 amino acids (Rv2223cD34) or the first 41 amino acids (Rv2223cD41), to represent the 

pro-enzyme and mature forms of the protein respectively (see Chapter 3 Fig. 4), into 

expression plasmid pET28a with an N-terminal 6X-histidine tag.  We hypothesized that, 
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due to the fact that both of these shorter forms of Rv2223c are secreted into culture 

supernatants of mycobacterial cells (Chapter 3 Fig 4) that they may localize to soluble 

fractions of E. coli protein preparations.  However, similarly to Hip1, both of these 

proteins localized to the insoluble inclusion bodies of BL21 star cells (data not shown).  

Due to the high percentage of amino acid sequence identity and similarity of Rv2223c to 

Hip1 as well as the insolubility of Rv2223c in E. coli protein preparations, our 

collaborators conducted an initial purification attempt of Rv2223c (Table 3, Exp 2) using 

the purification methods optimized for Hip1 and detailed previously (76).  Circular 

dichroism (CD) analysis of the purified Rv2223c protein revealed the soluble protein, 

resulted in improper folding and ultimately aggregation.  In order to determine optimal 

Rv2223c refolding conditions, we conducted a high-throughput absorbance-based 

inclusion body protein solubility screen (Table 3, Exp 3), which was first described by 

Vincentelli et al. (178).  This assay requires monitoring the turbidity at Abs340 of different 

buffers containing a protein of interest over time, where increased absorbance over a time 

zero baseline reading indicates increased protein stability.  The results of this screen 

revealed that stability of the aggregated Rv2223c could be increased in a buffer 

containing 0.8M L-arginine.  

 

Second round of purification attempts 

Subsequent attempts to purify Rv2223c focused on increasing the stability of Rv2223c 

during purification and refolding.  Alongside the pET28a Rv2223c constructs, 

Rv2223cΔ34 and Rv2223cΔ41 were also cloned into the pET22b expression vector, as 

well as the full length Rv2223c (Table 3 Exp 4).  The pET22b expression vector harbors 



	

	

81	

a pelB signal sequence upstream of the cloned in DNA sequence for potential localization 

of recombinant proteins into the E. coli periplasm.  As Rv2223c is normally secreted 

from mycobacterial cells, we hypothesized that the periplasm of E. coli would provide a 

more favorable environment for proper folding of the protein.  In order to address the 

potential that expression of soluble Rv2223c could be toxic to E. coli, we also tested 

expression and localization of the protein from a BL21 mutant strain, C43.  A mutation in 

the T7 RNA polymerase in the C43 E. coli expression strain allows for more time for 

expression and lower levels of potentially toxic proteins in order to obtain soluble protein 

(179, 180).  We found optimal expression of the Rv2223c proteins from the pET28a 

plasmid in the insoluble protein fractions of BL21 star cells, and no Rv2223c in the 

soluble fractions of BL21 star or C43 cells (Fig. 2A).  Although there appeared to be 

expression of a band slightly lower than expected in the periplasm of BL21 star cells 

expressing pET22bD34 and induced at 18°C, we decided not to use this strain at the time 

as protein expression was low (Fig. 2B).   This is an avenue that could possibly be 

explored later.   We therefore continued subsequent purification attempts with the 

pET28a expression plasmid constructs in BL21 star cells.  

 

In order to utilize 0.8M L-arginine during refolding of purified Rv2223c, we needed to 

address the fact that L-arginine strips nickel from Ni-NTA agarose columns.  To bypass 

this complication, we opted to refold the Rv2223c proteins only after eluting the protein 

from the nickel column.  Upon purification, both Rv2223cΔ34and Rv2223cΔ41were 

refolded via dialysis in buffers containing 0.8M L-arginine and step-wise reductions in 

urea concentrations.  We then subjected the resulting protein to a fluorescence thermal 
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shift assay through which we determined that both purified Rv2223c proteins were 

aggregated and mis-folded (Fig. 3).  

 

Detergent/additive screens and histidine tag rearrangement 

Since the addition of L-arginine was unable to fully stabilize Rv2223c in solution, we set 

out to find additional compounds to aid in stabilization. To do so we used a fluorescence 

thermal shift-based assay to screen a total of 99 detergents and additives that have been 

known to help in protein solubilization and/or stability. (Table 3 Exp 5).  The most 

promising compounds were then re-tested, this time in the absorbance based assay that 

we had previously utilized in Exp 2 from Table 3 (Fig 4).  These screens revealed that 

addition of hexamine cobalt trichloride to the purified Rv2223cΔ34 and 

Rv2223cΔ41aggregates led to increased protein stability in solution (Table 3 Exp 6).  

However, addition of hexamine cobalt trichloride, while providing some additional 

stability during refolding of Rv2223c, failed to fully stabilize the protein (Fig. 5).  It 

should be noted that while Hip1 normally produces one peak in thermal fluorescence 

shift assays, addition of L-arginine in the assay buffer resulted in two peaks.  We 

hypothesize that L-arginine may bind to Hip1 and have some stabilizing affect as well.     

 

Because our studies in Msm where properly folded, soluble Rv2223c was expressed were 

done with C-terminally tagged protein, we decided to investigate the affect of changing 

the terminal of the Rv2223c 6XHis tag on solubility and refolding of Rv2223c in E. coli.  

We created new pET28a Rv2223cΔ34and Rv2223cΔ41plasmid constructs with C-

terminal 6X-histidine tags (Table 3 Exp 7).  We then examined protein expression in 



	

	

83	

BL21 star cells as well as C41 cells, which are similar to C43 expression cells, except 

with a different mutation in the T7 RNA polymerase (179), and we again found optimal 

protein expression in the insoluble protein fractions of BL21 star cells, and saw no 

expression of either construct in C41 cells under any induction temperature (Fig 6).  We 

then purified and refolded Rv2223c on the NiNTA column in the presence of various 

stabilizing detergents or via dialysis in the presence L-arginine.  All refolding conditions 

resulted in aggregation of the Rv2223c proteins (Fig 5A), and although some 

fluorescence shifts seemed stable, this was due to the background detergent fluorescence  

(Fig 5B).  

 

Due to these observations along with the inherent affinity of cobalt to histidine, we 

hypothesized that aggregation of purified Rv2223c may be a result of the presence of the  

6X-polyhistidine tag, and that cobalt binding to the tag stabilizes the protein.  Therefore, 

it may be productive for future attempts to purify Rv2223c to include either untagged 

expression constructs or the use of another small tag that would not chelate a metal ion. 

  

Deletion of Rv2223c and hip1 

As reported in Chapter 3, we utilized a suicide vector allelic exchange approach to delete 

both Rv2223c and hip1 in one strain (Fig. 8A).  We were able to successfully confirm 

deletion of both genes from their endogenous locus via Southern blot, PCR (Fig 8B and 

8C) and sequencing.  However, upon further investigation, we found that from each of 

the 17 PCR-verified knockouts, both Rv2223c and hip1 could be amplified from the 

genome (Fig9).  These results indicate that a non-specific, compensatory recombination 
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event occurred at some point during generation of the mutant strain.  These data suggest 

that while neither Rv2223c nor hip1 are predicted to be essential singularly, the two 

proteins together may play a vital more essential role and thus deleting both genes is 

likely lethal to Mtb growth. To definitively verify this hypothesis, it would be necessary 

investigate the growth phenotype of Mtb strains containing conditional knockdowns of 

Rv2223c and hip1 when expression of one or both genes is knocked down.  

 

Materials And Methods 

Cloning of recombinant proteins for expression in Msm 

Mtb Rv2223c was amplified from H37Rv genomic DNA with forward primer JR264 – 

5’-ACGAGATCTATGGCGGCCATGTGG-3’ and reverse primer JR265 – 5’-

AGTAAGCTTTCAGTGGTGATGATGGTGATGTCCGCTTCCGCTTCCGGGCGCGC

ACCGCAGACTCGTCGG-3’, yielding an Rv2223c construct with an in frame C-

terminal 6X-histidine tag.  This amplicon was digested with restriction enzymes BglII 

and HindIII and ligated into a BamHI and HindIII digested pMV762 vector downstream 

of the constitutive PgroEL mycobacterial promoter, resulting in pMG-EB1.  An alanine 

mutation was introduced into the S232 amino acid residue of WT Rv2223c within pMG-

EB1 using forward primer, JR501 – 5’-

CAATCCACCGCTGTACTAGTGCAATTGGGGAGC-3’, which introduced a SpeI 

cleavage site into the plasmid for later confirmation and reverse primer, JR390 – 5’-

TGCCCAACTCGGTGCCGTAGGCGTATCCGAGGTAGTTG-3’, which contained the 

S232A mutation.  This amplicon was then used as a “megaprimer” to amplify the full 

pMG-EB1 plasmid, and to introduce both mutations, resulting in the plasmid pEB38. 
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Expression and purification of recombinant protein in Msm 

Msm expressing C-terminally 6X-His-tagged Rv2223c from an episomal plasmid was 

grown at 37ºC in 1L Middlebrook 7H9 (Difco) broth supplemented with 10% oleic acid-

albumin-dextrose-catalase (OADC), 0.2% glycerol, 0.05% Tween 80, and 50µg/ml 

Hygromycin.  Cultures were then transferred to 6L of Sauton’s medium supplemented 

with 0.05% Tween 80 and 50µg/ml Hygromycin, and grown for 3 days to an OD600 of 

0.5-0.7.  Cells were centrifuged at 4000g x 10 minutes at 4°C, and resuspended in 300ml 

of Sauton’s medium without Tween overnight.  Cells were centrifuged at 4000g x 10 

minutes at 4°C, hen resuspended in 1ml of binding buffer (5mM imidazole).  Protein was 

then incubated with Ni+ charged agarose beads at 4°C for 30 minutes with slow rotation.  

The bead protein slurry was then added to a column and the beads were washed with x1 

with 5mM imidazole, x1 with 20mM imidazole, and then eluted with 240mM imidazole.  

The eluates were then dialyzed and concentrated.  Resulting purified protein along with 

the supernatant, unbound sample, washes, and eluate were subjected to SDS-PAGE and 

silver staining analysis.  

 

Cloning of recombinant proteins for expression in E. coli 

Mtb Rv2223c lacking either the first 34 amino acids (which removes its N-terminal 

secretion signal sequence), or the first 41 amino acids (which results in the mature 

enzyme form of Rv2223c) was cloned into pET28a or pET22b.  For cloning into pET28a, 

Rv2223cΔ34 was amplified from H37Rv genomic DNA using forward primer 5’-

CGGCCTGGTGCCGCGCGGCAGCCATATGACTGAAGAACCCGGCGCCGGCCAA
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ACCCC-3’ and reverse primer 5’-

CTCAGTGGTGGTGGTGGTGGTGCTCGAGTTAGGGCGCGCACCGCAGACTCGT

CGGCGGC-3’, while Rv2223cΔ41 was amplified using forward primer 5’-

CGGCCTGGTGCCGCGCGGCAGCCATATGCAAACCCCGGGTGCGCCGGTCGTG

GCGCC-3’, and the same reverse primer as that used for Rv2223cΔ34, with both 

amplifications yielding a construct bearing an in-frame N-terminal 6X-histidine tag.  

These amplicons were digested with restrictions enzymes NdeI and XhoI and ligated into 

identically digested pET28a vector to yield pET28a-Rv2223cΔ34-His and pET28a-

Rv2223cΔ41-His.  For cloning into the pET22b vector directly downstream of the pelB 

signal sequence, Rv2223cΔ34 was amplified from H37Rv genomic DNA using forward 

primer 5’-	

CTCGCTGCCCAGCCGGCGATGGCCATGGATACTGAAGAACCCGGCGCCGGCC

AAACCCCG-3’ and reverse primer 5’-	

CTCAGTGGTGGTGGTGGTGGTGCTCGAGGGGCGCGCACCGCAGACTCGTCGG

CGGCAAG-3’, while Rv2223cΔ41 was amplified using forward primer 5’-	

CCTCGCTGCCCAGCCGGCGATGGCCATGGATCAAACCCCGGGTGCGCCGGTC

GTGGCGCC-3’, and the same reverse primer as that used for Rv2223cΔ34, with both 

amplifications yielding a construct bearing an in-frame N-terminal 6X-histidine tag.  

These amplicons were digested with restrictions enzymes NcoI and NdeI and ligated into 

identically digested pET22b vector, yielding pET22b-Rv2223cΔ34-His and pET22b-

Rv2223cΔ41-His.  

 

Expression and purification of recombinant proteins in E. coli  
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With L-arginine stabilization.   The plasmids pET28a-His-Rv2223cΔ34 and pET28a-

His-Rv2223cΔ41were transformed into BL21 star cells. LB (1L) containing 50µg/ml of 

kanamycin (for pET28a plasmid containing strains) were inoculated with 5ml of 

overnight cultures, and grown at 37°C to OD600 0.6-0.8.   The cells were then cooled to 

room temperature and 1mM IPTG was added to induce expression.  Incubated overnight 

25°C.  E. coli pellets were harvested via centrifugation at 10,000 rpm for 1h.   Cell pellets 

were resuspended in 1X PBS buffer, and sonicated.  The sonicated solutions were then 

centrifuged at 11,000 RPM for 1h in order to separate soluble from the insoluble, 

inclusion body-containing fractions.  The insoluble pellet fraction was washed twice by 

resuspending in 50mM Tris-HCl pH8.0, 100mM NaCl, 0.5% Triton X with a dounce 

homogenizer and centrifugation at 10,000 RPM for 1h.  To reduce and denature the 

inclusion body proteins, washed pellets were resuspended in 50mM Tris-HCl, pH8.0, 

100mM NaCl, 5mM BME, and 8M urea with a dounce homogenizer and the solution was 

allowed to incubate overnight at 4°C while slowly stirring.  Denatured protein solutions 

were centrifuged at 10,000 rpm for 1h, and the supernatants were added to nickel (Ni2+) 

resin and slowly rotated at 4°C for 1h for equilibration before transferring to gravity 

columns.  All of the following steps were performed at 4°C.  Following two washes with 

50mM Tris-HCl, pH8.0, 100mM NaCl, 8M Urea, 10mM imidazole, and 5% glycerol the 

immobilized protein was eluted from the nickel resin with 50mM Tris-HCl, pH8.0, 

100mM NaCl, 8M Urea, 250mM imidazole, 5% glycerol in 1ml aliquots.  For protein 

folding, protein-rich aliquots were pooled then subjected via dialysis to a step-wise 

reduction in urea concentration in the presence of a redox pair, reduced and oxidized 

glutathione, as well as 0.8M L-arginine.  The purified protein pool was first dialyzed 
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against 50mM Tris-HCl, pH8.0, 100mM NaCl, 5% glycerol, and 8M Urea in order to 

eliminate imidazole from the protein solution.  Subsequent dialysis buffers consisted of 

50mM Tris-HCl, pH8.0, 100mM NaCl, 5% glycerol, 1mM reduced glutathione, 0.2mM 

oxidized glutathione, 0.8M L-arginine, with varying concentrations of 6M, 3M, 1M, and 

no urea.  In the case of protein refolding with a cobalt stabilizer, the refolding buffers 

were supplemented with 10mM hexamine cobalt trichloride.  The expressed proteins 

under all conditions were present as single bands on an SDS-PAGE gel.   

 

Absorbance based protein stability assay 

Buffers containing either 0.8M L-arginine HCl, 3% 1,8-Diaminooctane, 3% 1,6-

Diaminohexane, 4% Tert-Butanol, 10mM Hexamine cobalt trichloride, 100mM 

Ammonium sulfate, combinations of additives (indicated in Fig 4), or no additives were 

made in a base buffer (50mM Tris HCl pH8, 100mM NaCl).  95µl of each buffer was 

then placed into two 96 well plates, and 5µl of purified Rv2223cD34 1mg/ml solution 

was added to each well for a final concentration of 0.1mg/ml in 100µl per well.  The 

baseline absorbance of each plate was assessed at OD of 340nm, after which one plate 

was left to incubate at 25°C and the other at 37°C.  After 11 hours, the OD340 of each well 

was measured, and the baseline measurement was subtracted in order to determine the 

change in absorbance.  Buffers resulting in positive changes in absorbance over the cutoff 

of OD340 0.05 were considered to be Rv2223cD34-stabilizing buffers.  Buffers resulting 

in OD340 change of -0.05 or lower were considered to be destabilizing. 
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Thermal fluorescence shift assay 

Thermal fluorescence shift assays were conducted using SYPRO orange protein gel stain 

(Invitrogen) and results were acquired using the Applied Biosystems Step1 Plus Real-

time PCR system.  Samples were prepared with equal concentrations of the purified 

protein across conditions assessed (1-20µM final concentration) and 10X final 

concentration of SYPRO Orange dye.  In order to measure the thermodynamic stability of 

Rv2223c recombinant proteins after purification and refolding, the final purification 

dialysis buffer (50mM Tris-HCl, pH8.0, 100mM NaCl, 5% glycerol, 1mM reduced 

glutathione, 0.2mM oxidized glutathione, 0.8M L-arginine) was utilized for thermal shift 

analysis samples.  In subsequent screens do determine the effect of various detergents and 

additives on protein stability, different buffer compositions were used with the final 

dialysis buffer serving as the base buffer.  Samples were incrementally heated from 25°C 

to 95°C in increments of 0.3°C.  Fluorescence at each temperature was recorded at 

480nm following excitation at 568nm.  In order to cancel out inherent buffer 

fluorescence, emission intensity of each sample was normalized against fluorescence of 

samples without protein.  The normalized fluorescence was then plotted as a function of 

temperature.  In screening experiments, buffers containing detergents or additives with 

inherent fluorescence above that of samples containing protein were rejected for potential 

use in subsequent purification since we would be unable to determine if these reagents 

had any effect. 

 

Construction of Δhip1-ΔRv2223c mutant M. tuberculosis 
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H37Rv was transformed via electroporation with 3µg of pEBOP-01 (a suicide vector 

containing a Δhip1-ΔRv2223c allele, a selectable hygromycin resistance marker, and a 

counter selectable sacB marker).  Resultant transformants that were resistant to 

hygromycin were then patched onto 7H10 plates containing 2% sucrose.  Colonies that 

displayed hygromycin resistance and sucrose sensitivity were considered to have 

undergone a single crossover event resulting in incorporation of pEBOP-01 into the Mtb 

genome.  These colonies were then grown to saturation for a week in 5ml of 7H9 broth, 

and then serial dilutions were plated in duplicate onto 7H10 plates supplemented with 2% 

sucrose.  Colonies arising on these plates were patched onto hygromycin.  Those that 

were hygromycin sensitive and sucrose resistant were grown in 7H9 broth, and genomic 

DNA was extracted using the protocol adapted from Belisle	and	Sonnenberg (106).  

Genomic DNA was then subjected to Southern blot analysis.  DNA was digested with 

NcoI, and then probed with a DIG-labeled amplicon corresponding to a 1kb region 

present in the both the genome and pEBOP-01.  Deletion of the Rv2223c-hip1 locus was 

also confirmed via amplification of the deleted region using primers upstream (forward 

primer 5’-CGGCCACCCGCTCACCGCCCTCG-3’) and downstream (reverse primer 5’-

GCACGGCGAATGTCAGATAGGG-3’) of the 1kb regions of homologous 

recombination, resulting in a 3kb amplicon from the BCGDhip1 genome, and a 6kb 

amplicon from the wild-type BCG genome (Figure 8).  These amplicons were then 

sequenced for further confirmation of gene deletion. 
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Table 1. Primer list 
 

 
  

Primer Sequence Details 
JR264 ACGAGATCTATGGCGGCCATGTGG F Rv2223 w/BglII site 
JR265 AGTAAGCTTTCAGTGGTGATGATGGTGATGT

CCGCTTCCGCTTCCGGGCGCGCACCGCAGA
CTCGTCGG 

R Rv2223c w/C-term 
6XHis tag and HindIII site 

JR501 CAATCCACCGCTGTACTAGTGCAATTGGGG
AGC 

F-megawhop primer for 
cleavage site mutagenesis 
w/SpeI site 

JR390 TGCCCAACTCGGTGCCGTAGGCGTATCCGA
GGTAGTTG 

R Site-directed mutagenesis 
S232A primer  

JR505 CGGCCACCCGCTCACCGCCCTCG 
F-primer for knockout 
confirmation 

JR506 GCACGGCGAATGTCAGATAGGG 
R-primer for knockout 
confirmation 

JR512 CGCCATGGACTGAAGAACCCGGCG 
F Δ34 Rv2223c w/NcoI 
into pET28a 

JR513 CGCCATGGCAAACCCCGGGTGCGC 
F Δ41 Rv2223c w/NcoI 
into pET28a 

JR514 GGGCGCGCACCGCAGACTCGAGC 

R C-terminal tag link (no 
stop codon) w/XhoI into 
pET28a 

 
CTCCTCGCTGCCCAGCCGGCGATGGCCATG
GATATGGCGGCCATGTGGCGCCGCAGACCG 

F-Rv2223c w/NcoI for 
cloning into pET22b 

 
CTCAGTGGTGGTGGTGGTGGTGCTCGAGGG
GCGCGCACCGCAGACTCGTCGGCGGCAAG 

R-Rv2223c w/XhoI for 
cloning into pET22b 

 
CTCGCTGCCCAGCCGGCGATGGCCATGGAT
ACTGAAGAACCCGGCGCCGGCCAAACCCCG 

F-Rv2223cD34 w/NcoI for 
cloning into pET22b 

 
CCTCGCTGCCCAGCCGGCGATGGCCATGGA
TCAAACCCCGGGTGCGCCGGTCGTGGCGCC 

F-Rv2223cD41 w/NcoI for 
cloning into pET22b 

 
CGGCCTGGTGCCGCGCGGCAGCCATATGAC
TGAAGAACCCGGCGCCGGCCAAACCCC 

F-Rv2223cD34 w/NdeI for 
cloning into pET28a 

 
CTCAGTGGTGGTGGTGGTGGTGCTCGAGTTA
GGGCGCGCACCGCAGACTCGTCGGCGGC 

R-Rv2223c w/XhoI for 
cloning into pET28a 

 
CGGCCTGGTGCCGCGCGGCAGCCATATGCA
AACCCCGGGTGCGCCGGTCGTGGCGCC 

F-Rv2223c D41 w/NdeI 
for cloning into pET28a 



	

	

92	

Table 2: Plasmid list 
 
Plasmid Description 
pMG-EB1 pMV762-PgroEL-Rv2223-c-term 6XHis 
pEB38 pMV762-PgroEL- Rv2223 (S232A)-c-term 6XHis 
pEBOP-03 pET22b-n-term 6xHis-Rv2223c (Full length) 
pEBOP-04 pET22b-n-term 6xHis Rv2223cD34   
pEBOP-05 pET22b-n-term 6xHis Rv2223cD41   
pEBOP-06 pET28a-n-term 6xHis Rv2223cD34   
pEBOP-07 pET28a-n-term 6xHis Rv2223cD41 
pEB34 pET28a-Rv2223cD34-c-term 6XHis 
pEB35 pET28a-Rv2223cD34-c-term 6XHis 
pEBOP-01 Δhip1-ΔRv2223c construct 

 
 
Table 3: Purification experiments  
 

Exp
# Experimenter Constructs Approach Expressed 

Soluble 
protein? Findings 

1 Erica Bizzell 
pMG-EB1 
pEB38 

Purification from M. 
smegmatis supernatant Yes  

In 
supernatant Low yield 

2 Andrew Daab 
pEBOP-06 
pEBOP-07  

Hip1 purification 
method (Naffin-Olivos 
et al. 2014 PLOS 
Path.) Yes  

From 
inclusion 
bodies 

Aggregated 
(CD) 

3 Andrew Daab 
pEBOP-06 
pEBOP-07 

Absorbance-based 
inclusion body protein 
solubility screen  
(Vincentelli et al. 2004 
Protein Sci) 

Protein 
from Exp 
2 

From 
inclusion 
bodies 

0.8M L-
arginine 
stabilizes 
Rv2223c 

4 Erica Bizzell 

pEBOP-03 
pEBOP-04 
pEBOP-05 
pEBOP-06 
pEBOP-07  

Tested BL21 and C43 
expression lines; 
Tested induction 
temperatures; Purified 
with refolding in the 
presence of 0.8M L-
arginine Yes 

From 
inclusion 
bodies 

Aggregated 
(Thermo) 

5 Erica Bizzell pEBOP-06 

Screened 99 additives 
and detergents (see 
Table 4) 

Protein 
from Exp 
4 

From 
inclusion 
bodies 

Hexamine 
Cobalt 
Trichloride 

6 Erica Bizzell 
pEBOP-06 
pEBOP-07   

Purification with 0.8M 
L-arginine and 
Hexamine Cobalt Tri-
chloride   

From 
inclusion 
bodies Aggregated 

7 Erica Bizzell 
pEB34 
pEB35  

Used C-terminally 
6XHis-tagged 
Rv2223c constructs 
and purified with or 
without detergents   

From 
inclusion 
bodies Aggregated 

CD = Circular dichroism 
Thermo = Thermo Fluorescence Shift Assay   
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Figure 1. Purification of Rv2223c from Msm supernatant  (A) Anti-His tag Western 

blot of pellet and supernatant fractions from Msm expressing 6X-histidine tagged 

Rv2223c.  The enzyme forms detected are indicated by arrows and numbers; 1. Pre-

proenzyme, 2. Pro-enzyme, 3. Mature enzyme. (B) Silver stained SDS-PAGE of 

purification protein fractions.  Purified Rv2223c is boxed in blue. M-marker, S-

supernatant fraction, U-unbound protein, W1/W2-washes 1 and 2, CE-concentrated 

eluate. 
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Figure 2. Expression of N-terminal 6X His-tagged Rv2223cD34 and D41 in C43 and 

BL21 star E. coli.  (A) SDS-PAGE analysis of soluble (left) and insoluble inclusion 

body (right) fractions of C43 and BL21 star cells harboring pET28a-6XHis-Rv2223cD34 

or pET28a-6XHis-Rv2223cD41. (B) SDS-PAGE analysis of periplasmic and insoluble 

(right) fractions of pET22b-6XHis-Rv2223cD34 or pET22b-6XHis-Rv2223cD41 

containing C43 and BL21 star cells.  Induction of Rv2223c expression was tested at 18°C 

and 25°C, with the expressed Rv2223c protein is boxed in red.   
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Figure 3. L-arginine does not stabilize purified Rv2223c in solution.  Thermal 

fluorescence shift analysis to check the stability of purified N-terminal 6X-His-tagged 

Rv2223cD34 (A) and Rv2223cD41 (B) in solution with and without L-arginine. 
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Figure 4. Absorbance based analysis of stabilizing capabilities of the indicated 

buffers on Rv2223cD34.  Aggregated protein was incubated for 11h in the indicated 

buffers at either 25°C (A) or 37°C (B).  The change in OD340 from 0hrs is graphed and a 

minimum cutoff of 0.05, which is denoted by a dotted line, serves as the readout for 

enhanced protein stabilization.  Stabilizing conditions are boxed in red.  
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Figure 5. Hexamine cobalt trichloride does not stabilize Rv2223c in solution. 

Thermal fluorescence shift analysis of N-terminally 6X-His-tagged Rv2223cD34 and D41 

purified and refolded in the presence of L-arginine with or without hexamine cobalt 

trichloride (+Co).  Purified Hip1 is included as a control stable protein control. 
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Figure 6. Expression of C-terminally tagged Rv2223cD34 and D41 in C41 and BL21 

star E. coli.  SDS-PAGE analysis of soluble (left) and insoluble inclusion body (right) 

fractions of C41 and BL21 star cells harboring pET28a-Rv2223cD34-6XHis or pET28a-

Rv2223cD41-6XHis.  Induction of Rv2223c expression was tested at 18°C, 25°C, and 

37°C with the expressed protein denoted by red boxes.   
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Figure 7. Thermal fluorescence screen of the effect of detergents on Rv2223c protein 

stability. (A) Thermal fluorescence shift assessment of solubility of C-terminally tagged 

Rv2223cD34 (top panel) and D41 (lower panel) purified in the presence of the indicated 

detergents.  (B) Assessment of inherent detergent fluorescence (solid lines) and 

fluorescence of detergent with protein present (dashed lines) of C-terminally tagged 

Rv2223cD34 (top panel) and D41 (lower panel). 
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Figure 8. Southern blot and PCR analysis of MtbDRv2223cDhip1.  (A) pEBOP-01 

suicide vector schematic, chromosomal locus for hip1-Rv2223c locus, and schematic of 

DRv2223cDhip1 allele. NcoI restriction endonuclease sites are denoted.  The Southern 

probe used is represented by a black box, while green arrows indicate PCR amplification 

primers. (B) Southern blot of NcoI digested genomic DNA purified from WT Mtb or 

MtbDRv2223cDhip1 probed with digoxigenin (DIG)-labeled amplicon of the 1kb region 

downstream of Rv2223c.  Black arrows denote DNA detected by the probe. (C) PCR 

amplification of the genomic region surrounding hip1 using primers 1.6kb upstream and 

2.8kb downstream of hip1.  Black arrows indicate amplified DNA.  The contrast and 

brightness of the Southern blot and DNA gel were adjusted for clarity. 
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Figure 9. Verification of Rv223c and hip1 recombination. (A) PCR amplification of 

the Rv2223c-hip1 locus from the DNA of MtbDRv2223cDhip1 secondary recombinants 

with primers JR505 and JR506.  A black arrowhead indicates the expected size of the 

double Mtb knockout amplicon, while a black arrow denotes the expected size of a WT 

Mtb amplicon.  (B) PCR amplification of hip1 from MtbDRv2223cDhip1 secondary 

recombinants from panel A.  (C) PCR amplification of Rv2223c from 

MtbDRv2223cDhip1 secondary recombinants from panel A.  Blue brackets indicated 

MtbDRv2223cDhip1 secondary recombinants.  L-ladder, 1-No DNA, 2-WT Mtb, 3-Mtb 

hip1-mutant. 
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Chapter 5 

Discussion 
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Throughout several millennia of co-evolution with the human population, Mycobacterium 

tuberculosis (Mtb) has developed multiple mechanisms to evade host immune responses 

and cause disease.  Only within the last century have we begun to understand some of 

these strategies, which have more recently aided in efforts to develop better vaccines and 

drugs to combat them.  Despite major advances, there is still much work to be done in 

this arena that relies heavily on gaining a better understanding of how Mtb modulates 

host immune responses. 

 

We highlighted some of our current knowledge of the immune evasion strategies 

employed by Mtb in the introduction of this dissertation.  The immunosuppressive 

capabilities of Mtb are due in part to proteins that are situated at the host-pathogen 

interface either through association with the bacterial cell wall or through extracellular 

release from the bacteria.  Within this dissertation, we discuss two such factors, one of 

which, Hip1, is associated with the mycobacterial cell wall, and the other, Rv2223c, we 

have shown is secreted from mycobacterial cells. 

 

In chapter 2 of this dissertation, we provide insights into the role of the immune evasion 

associated serine protease, Hip1, on the development of BCG induced immunity to Mtb.  

Our introduction outlined some of the shortcomings of BCG that may contribute to its 

limited protective capabilities, including utilization of immune evasion mechanisms 

employed by pathogenic mycobacterial strains.  Using the BCGDhip1 strain, we reveal 

that BCG uses Hip1 to suppress and evade the immune responses elicited by the vaccine.  

We provide key insights into the relationship between BCG and dendritic cells (DCs), 
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showing that BCGDhip1 is better able to stimulate DC maturation and functions 

including pro-inflammatory cytokine production and activation of T-cells.  We report that 

BCGDhip1 infected DCs are able to drive differentiation of T cells to Th1 and Th17 types 

both in vitro and within mouse lungs, and to stimulate production of more polyfunctional 

T-cells in vivo.  Notably, we found that the enhanced immune responses stimulated by 

BCGDhip1 results in better protection of mice against Mtb challenge.  In summary, our 

findings identify the mycobacterial immune evasion protease, Hip1, as a key player in the 

suboptimal immune responses elicited by BCG. 

 

Our findings on the role of Hip1 in BCG extend previous findings published from our 

laboratory in Mtb, which revealed that Mtb Hip1 dampens DC functions and 

subsequently T cell response during Mtb infection (105).  Importantly, our findings 

significantly contributing to a growing body of work implicating genes previously 

characterized as Mtb immune evasion genes in dampened BCG induced immunity (88, 

91, 129, 130, 137, 181, 182).  For instance, a BCG study found that the secreted acid 

phosphatase, SapM, which was previously shown to be necessary for Mtb-driven arrest of 

phagosomal maturation and overall virulence (183, 184), also contributed to BCG 

immune evasion (91).  Similar to our BCGDhip1 strain, a BCG strain lacking SapM was 

able to induce enhanced maturation and cytokine production from DCs, and vaccination 

with the strain provided better protection from Mtb challenge than WT BCG (91). 

 

In this dissertation, we utilized a DC intratracheal administration vaccination model for 

our BCGDhip1 vaccination studies, which allowed us to highlight the important role of 
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the enhanced DC functions stimulated by the mutant strain.  Ideally, we would like to 

investigate the protective capabilities of BCGDhip1 in a traditional vaccination model, 

however very preliminary data from one trial suggests that the mutant strain is cleared 

from mouse lungs quicker than the parental BCG strain. These findings are not 

completely surprising, when we consider that several screens have implicated Hip1 as 

being necessary for survival of Mtb in mice (162, 163) as well as in macrophages (107).  

While the Mtb hip1 mutant is capable of persisting within mouse lungs (74), unlike Mtb, 

BCG is cleared from host organisms.  BCG lacks many immune evasion mechanisms that 

Mtb uses, which allow the pathogen to persist within host lungs.  Deletion of one immune 

evasion gene, such as hip1, from BCG may have a significant effect on bacterial survival 

in vivo.  Further studies (by Kevin Sia and Ana Enriquez) are ongoing to determine the 

survival of intratracheally instilled BCGDhip1 compared to wild-type BCG in mouse 

lungs.   

 

Aside from the use of BCGDhip1 as a replacement to the current BCG vaccine, it may be 

of interest to investigate the use of our novel strain as a potential boost to BCG.  As 

mentioned in the introduction of this dissertation, BCG offers limited protection, mainly 

to children against disseminated TB (81, 82), and that evidence suggests that peak 

memory responses elicited by the vaccine occur about 10 weeks after vaccination (83).  

There are a number of trials currently underway with vaccines that are aimed to either 

serve as BCG boosts or post-exposure vaccinations (185). While further studies would 

need to be conducted to investigate the strategy, it would be of great interest to 
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investigate whether the BCGDhip1 strain would better serve as a boost to BCG 

vaccination.  

 

In chapter 3 of this dissertation work, we provided insight into the relationship of the 

predicted secreted protease, Rv2223c, with its homolog, Hip1.  We highlighted the high 

amino acid similarity between both proteins along with their high conservation across 

both pathogenic and nonpathogenic mycobacterial species.  Further, through our 

characterization studies, we discovered that Rv2223c is secreted from mycobacterial cells 

in signal sequence dependent manner and revealed that the enzyme is autoproteolytically 

cleaved upon its secretion.  We found that Rv2223c interacts with the chaperonin-like 

protein GroEL2, which we have previously identified as a physiological substrate of Hip1 

(74, 76).  However, Rv2223c was unable to complement the GroEL2 cleavage defect of a 

hip1 mutant strain of Mtb when overexpressed in this strain.   

 

We hypothesize, due to their high mycobacterial conservation, genomic proximity, and 

high similarity that Rv2223c and Hip1 may work in conjunction with one another to 

perform a critical function within mycobacterial cells.  Further evidence supporting this 

hypothesis is the fact that Mtb appears to be resistant to a double deletion of hip1 and 

Rv2223c, as all attempts to knockout this region resulted in recombination of the genes 

elsewhere in the genome (Chapter 4).  If Rv2223c and Hip1 are truly essential for Mtb 

survival, their localization at the host pathogen makes them ideal targets for therapeutic 

drugs agents against TB.  In fact, recent findings from and investigation of a cyclipostin 



	

	

107	

and cyclophostin analog found to display strong activity against extracellular Mtb 

revealed Hip1 as one of the targets of the drug (186). 	

 

Bacterial pathogens often utilize proteases for their virulence-specific functions, and 

exported proteases have the unique opportunity to cleave both bacterial proteins or 

directly targeted host substrates (187).  With Hip1 associated with the cell wall (74) and 

Rv2223c secreted from mycobacterial cells as shown in Chapter 3 of this dissertation, 

both proteins are situated at the host-pathogen interface.  While we have only shown that 

Rv2223c is able to interact with GroEL2 of Mtb, it is possible that since Rv2223c is 

released from Mtb, that it may target some host proteins for proteolysis.  Secreted 

proteases from a number of bacterial pathogens have been shown to cleave host proteins 

in order to evade host immunity.  For instance, Staphylococcus aureus is known to 

secrete many proteases during infection, including staphopain A, which directly cleaves 

the host chemokine receptor, CXCR2 in order to block neutrophil migration to the site of 

infection (148).  An interesting avenue to pursue for further studies of Rv2223c would be 

to identify potential host substrates through pull-down studies with purified Rv2223c.  

 

Our efforts to purify Rv2223c were unsuccessful, but did provide some insight into more 

optimal conditions under which the protein may be purified, which were reported in 

chapter 4.  We showed in chapter 3 that Rv2223c undergoes autoproteolytic processing 

upon its secretion from mycobacterial cells, which is reflective of the fact that many 

secreted bacterial proteases are expressed as pro-enzymes that require processing for full 

activation.  Further, the cleaved pro-peptide of autoproteolytically cleaved bacterial 
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proteases can be required for their stability.  For example, the cell membrane-associated 

Mtb serine protease, MycP1 is stabilized by its cleaved pro-peptide, and displays 

enhanced activity against its protein substrate in the presence of the peptide (168).  While 

our attempts to detect expression of the full-length Rv2223c protein in E. coli were 

unsucsessful (data not shown), future efforts revisiting this approach may be worthwhile.   

 

Along with autoproteolytic processing, we discovered that Rv2223c is also able to 

interact with the Hip1 protein substrate, GroEL2.  While researchers have not yet 

demonstrated whether GroEL2 is capable of chaperone activity, the essential protein is 

annotated as a chaperonin-like protein.  A recent study reported interaction of the Mtb 

protease, RipA with the chaperone, MoxR1 (188).  Interestingly, co-expression of the two 

proteins in E. coli resulted in enhanced solubility of RipA and resulted in some 

localization of properly folded RipA in supernatants as opposed to localization in 

inclusion bodies (188).  Studies by our collaborators are ongoing to explore GroEL2 

activity along with potentially purifying Rv2223c in the presence of GroEL2.  Upon 

successful purification of Rv2223c, we envision conducting interaction studies to 

investigate whether the protein forms a complex with GroEL2 and Hip1, which have both 

previously been successfully purified, will be of great interest.   

 

There is a crucial need to develop more efficacious therapeutics and vaccines to combat 

tuberculosis.  Overall, the findings presented in this dissertation highlight the benefits of 

studying the various immune evasion mechanisms of Mtb in addressing this necessity. 

Gaining a better understanding of the mycobacterial genes necessary for modulation or 
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suppression of host immune responses, can unlock the door to a host of potential new 

treatment drug targets and vaccine candidates for effective immunity to tuberculosis.  
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ABSTRACT 

 

Mycobacterium tuberculosis (Mtb) successfully subverts the host immune response to 

promote disease progression. In addition to its known intracellular niche in macrophages, 

Mtb interferes with the functions of dendritic cells (DCs), which are the primary antigen 

presenting cells in the immune system. We previously showed that Mtb dampens 

proinflammatory responses and impairs DC functions through the cell envelope-

associated serine protease, Hip1. Here we present data showing that Mtb GroEL2, a 

substrate of Hip1, modulates DC functions. Full length GroEL2 protein elicited robust 

proinflammatory responses from DCs and promoted DC maturation and antigen 

presentation to T cells. In contrast, the cleaved form of GroEL2, which predominates in 

Mtb, was poorly immunostimulatory and was unable to promote DC maturation and 

antigen presentation. Moreover, DCs exposed to full length, but not cleaved GroEL2, 

induced strong antigen-specific IFN-g, IL-2, and IL-17A cytokine responses from CD4+ 

T cells. Moreover, expression of cleaved GroEL2 into the hip1 mutant restored the robust 

T cell responses to wild type levels, suggesting that proteolytic cleavage of GroEL2 

allows Mtb to prevent optimal DC-T cell crosstalk during Mtb infection.  
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INTRODUCTION 

 

Mycobacterium tuberculosis (Mtb) is a highly successful human pathogen that has 

evolved multiple mechanisms to evade and manipulate host innate and adaptive 

immunity[1-3]. While CD4+ T cell responses are important for mycobacterial control, 

Mtb delays the onset of antigen-specific T cell responses, which are unable to effectively 

eliminate the pathogen from infected hosts. These sub-optimal CD4+ T cell responses are 

in part due to the ability of Mtb to impair dendritic cell (DC) functions such as migration 

of infected DCs from the lung to draining lymph nodes, DC maturation and antigen 

presentation to naïve CD4+ T cells [4-6]. As the primary antigen-presenting cells of the 

immune system, DCs serve as a bridge between innate and adaptive immunity. By 

impairing DC functions, Mtb prevents optimal crosstalk between DCs and CD4+ T cells 

and shapes T cell responses to its benefit. However, the bacterial factors that contribute to 

Mtb-mediated impairment of DCs are poorly defined. 

 

We previously demonstrated that the Mtb protein GroEL2, which encodes a chaperone-

like immunomodulatory protein, modulates macrophage proinflammatory responses. 

While these studies have focused on the role of the full length (FL) GroEL2 protein, our 

data suggests that a cleaved form of GroEL2 predominates in wild type Mtb and that 

cleavage of GroEL2 serves to dampen innate immune responses to Mtb infection.  We 

showed that FL GroEL2 protein has a multimeric conformation, is exported to the cell 

wall of Mtb, and secreted extracellularly [7]. In wild type Mtb, FL GroEL2 is 

proteolytically cleaved at its N-terminus between amino acid residues Arg12 and Gly13 by 



	

	

177	

the serine protease Hip1 into a smaller form GroEL2(cl) that has a monomeric 

conformation [7]. Cleavage of GroEL2 does not occur in the absence of Hip1 protease 

activity and an Mtb hip1 mutant harbors FL GroEL2 but not GroEL2(cl) protein. 

Moreover, the hip1 mutant induced significantly higher levels of proinflammatory 

cytokines compared to wild type Mtb during macrophage infection. This was in part 

attributed to the enhanced immunostimulatory effect of FL GroEL2 in the hip1 mutant 

compared to GroEL2(cl), which predominates in wild type Mtb. The immunomodulatory 

effects of GroEL2 on macrophage functions suggests that GroEL2 may also play a role in 

modulating DCs and downstream T cell responses. Therefore, we sought to investigate 

whether cleavage of GroEL2 impacts DC functions. We hypothesized that FL GroEL2 

and GroEL2(cl) proteins would differentially impact DC functions and thereby shape the 

type of antigen-specific T cell responses elicited during infection with Mtb. We show  

that FL GroEL2, but not cleaved GroEL2, induced robust proinflammatory cytokines 

from DCs and significantly greater expression of the costimulatory molecules CD40 and 

CD86 on DCs. We also show that FL GroEL2 promoted efficient antigen presentation 

and polarization of antigen-specific CD4+ T cells into T-helper (Th) subsets that secreted 

IFN-g, IL-2, and IL-17. In contrast GroEL2(cl) was poorly stimulatory and unable to 

promote antigen presentation to T cells. Moreover, expressing GroEL2(cl) within the 

hip1 mutant restored T cell responses to levels induced by wild type Mtb in DC-T cell co-

culture assays. Our studies suggest that Hip1-mediated cleavage of GroEL2 compromises 

the ability of DCs to initiate optimal antigen-specific T cell responses, thus dampening 

the host response to infection. 
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RESULTS 

 

Enhanced maturation of DCs by FL GroEL2 compared to GroEL2(cl) 

At sites of infection, immature DCs undergo maturation upon contact with antigens; 

mature DCs are characterized by high surface expression of costimulatory molecules 

such as CD40 and CD86, which interact with ligands on T cells to optimally induce T 

cell activation. To investigate how proteolytic cleavage alters the immunostimulatory 

capacity of the GroEL2 protein, we first compared the ability of purified recombinant FL 

GroEL2 and GroEL2(cl) proteins to induce cell surface expression of key costimulatory 

molecules on DCs (Figure 1). Recombinant proteins were generated as described 

previously [7] and endotoxin levels in these protein preparations were determined to be 

below detection levels (data not shown). We exposed bone marrow-derived DCs 

(BMDCs) from C57BL/6 mice to either FL or GroEL2(cl), and measured the expression 

of CD40, CD86, and MHC class II on the cell surface by flow cytometry. FL GroEL2 

induced robust expression of CD40 and CD86 (Figure 1); in contrast, GroEL2(cl) 

induced significantly lower levels of these two markers. Under these conditions, neither 

form of GroEL2 induced further expression of MHC class II above baseline (data not 

shown). Overall, these data indicate that cleavage of GroEL2 blunts its capacity to induce 

maturation of DCs. 

 

Cleavage of Mtb GroEL2 attenuates its ability to induce cytokine responses in DCs. 

As DCs undergo maturation, they produce key proinflammatory cytokines such as IL-12 

and IL-6 that are important for polarizing naïve T helper (Th) cells into Th subsets such 
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as IFN-g-producing Th1 cells [8]. We therefore compared the levels of IL-12p40 and IL-6 

induced by recombinant GroEL2 and GroEL2(cl) proteins (Figure 2). We exposed 

BMDCs to varying concentrations of FL GroEL2 and GroEL2(cl) and measured levels of 

IL-12p40 and IL-6 in the supernatants after 24 hours. FL GroEL2 induced high levels of 

both IL-12p40 and IL-6 in DCs at each concentration tested. Cytokine levels induced by 

FL were comparable to those induced by Pam3CysSerLys4 (Pam3CSK4). In contrast, 

GroEL2(cl) was unable to induce these two cytokines above background levels at all 

concentrations of the protein tested. We did not detect IL-10, TNF-a or IL-1b production 

under the conditions tested (data not shown). These data indicate that FL GroEL2 has the 

capacity to induce proinflammatory cytokine production in DCs but that Hip1-mediated 

cleavage of GroEL2 abrogates its immunostimulatory capacity. 

 

We next investigated whether Hip1-dependent cleavage of GroEL2 contributes to 

impaired DC functions during infection in the context of live wild type and hip1 mutant 

Mtb strains. As shown in Figure 3A, the hip1 mutant, which harbors only FL GroEL2, 

induced higher levels of IL-6 and IL-12 cytokines in infected BMDCs compared to wild 

type Mtb (Figure 3) [9]. Complementation of the hip1 mutant with Hip1 (hip1 comp) 

restored wild type levels of these cytokines (Figure 3A). To assess the contribution of 

GroEL2 cleavage to the hip1 mutant phenotype, we used an engineered hip1 mutant 

strain that ectopically expressed secreted GroEL2(cl). We previously confirmed that the 

levels of GroEL2(cl) in the supernatant fraction of the hip1 mutant+GroEL2(cl) strain 

were comparable to wild type Mtb [7]. Importantly, expression of GroEL2(cl) in the hip1 

mutant background restored wild type levels of IL-12p40 and IL-6 in infected BMDCs, 
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comparable to levels seen in the hip1 comp strain. These data suggest that cleavage of 

GroEL2 in wild type Mtb dampens DC cytokine responses. To more directly assess the 

immunomodulatory capacity of GroEL2(cl), we compared the effect of exposing BMDCs 

to both GroEL2(cl) and FL GroEL2 together.  We found that the levels of cytokines 

induced by a 1:1 molar ratio of GroEL2 and GroEL2(cl) in combination was less than the 

additive effect of each individual protein (Figure 3B). Together, these studies suggest that 

GroEL2(cl) is capable of dampening the stimulatory effect of FL GroEL2.  

 

FL GroEL2, but not GroEL2(cl), augments antigen-specific T cell responses. 

Based on our observation of differential production of proinflammatory cytokines and 

expression of co-stimulatory markers by DCs in response to GroEL2 and GroEL2(cl), we 

sought to test whether cleavage of GroEL2 impacted DC antigen presentation to naïve 

antigen-specific CD4+ T cells. We used an in vitro antigen presentation assay involving 

co-culture of DCs with CD4+ T cells isolated from OT-II mice, which are T Cell 

Receptor-transgenic (TCR-Tg) mice specific for the ovalbumin (OVA) 323-339 peptide. We 

first pulsed BMDCs with OVA323-339 peptide and then exposed DCs to FL or GroEL2(cl) 

for 24 hours. We then co-cultured BMDCs with OT-II TCR-Tg CD4+ T cells, collected 

supernatants 72 hours after co-culture, and assayed for IFN-g, IL-2 and IL-17 by ELISA 

(Figure 4A). FL GroEL2 but not GroEL2(cl) stimulated robust presentation of OVA323-339 

peptide as assessed by production of IL-2. Further, DCs stimulated with FL GroEL2 

induced significantly higher levels of IFN-g and IL-17 compared to BMDCs stimulated 

with GroEL(cl).  Thus, FL GroEL2 enhanced both the capacity of BMDCs to present 

antigens to CD4+ T cells and to induce Th1 and Th17 cytokines, consistent with the 
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enhanced levels of IL-12p40 and IL-6 produced by BMDCs exposed to FL GroEL2. In 

contrast, BMDCs stimulated with GroEL2(cl), which predominates during Mtb infection, 

activated CD4+ T cells poorly. Overall, these results suggest that cleavage of GroEL2 

contributes to modulation of DC-T cell crosstalk during Mtb infection.  

 

To further investigate whether GroEL2(cl) modulates antigen-specific T cell responses 

during live Mtb infection, we used DC-T cell co-culture assays to assess the production 

of Th1 and Th17 cytokines. We infected BMDCs with wild type, hip1 mutant, and hip1 

mutant + GroEL2(cl) Mtb strains. To assess the ability of DCs infected with each of these 

strains to polarize naive Mtb-specific CD4 T cell towards Th1 and Th17 subsets, we co-

cultured infected BMDCs with purified ESAT-6 TCR-transgenic (Tg) CD4+ T cells 

(Figure 4B). Supernatants were harvested 80 hours after co-culture and assayed for IL-

17A, IL-2, and IFN-γ cytokines by ELISA. Hip1 mutant Mtb-infected BMDCs induced 

elevated levels of IL-17A, IL-2, and IFN-γ cytokines relative to wild type Mtb-infected 

DCs. However, BMDCs infected with hip1 mutant + GroEL2(cl) Mtb strain produced 

significantly lower IL-17A, IL-2, and IFN- γ cytokine levels, comparable to BMDCs 

infected with wild type Mtb. Overall, these data suggest that GroEL2(cl) effectively 

blunts the magnitude of T cell responses during infection, and that cleavage of GroEL2 is 

a strategy employed by Mtb to modulate DC-T cell crosstalk. 
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DISCUSSION 

While it is known that Mtb impairs DC functions, the underlying bacterial mechanisms 

are poorly defined. In this study, we characterized the contribution of FL and cleaved 

forms of Mtb GroEL2 protein in modulating the DC-T cell interface. While most studies 

on GroEL2 have focused on the ability of FL protein to modulate innate immune 

responses, our studies are the first to show that cleavage of GroEL2 prevents robust DC 

activation and impacts crosstalk between DC and CD4+ T cells [10-20]. Since GroEL2 is 

present predominantly as a cleaved monomeric protein in wild type Mtb, our studies 

provide new insights about the way cleavage of GroEL2 impacts DC-T cell crosstalk. 

 

Our studies using purified recombinant FL and cleaved GroEL2 proteins suggest that 

cleavage of GroEL2 abrogates its immunostimulatory capacity towards DCs and 

significantly limits production of key cytokine mediators such as IL-12 and IL-6 (Figure 

2). These studies extend previous findings in macrophages showing that recombinant full 

length GroEL2 induces pro-inflammatory cytokines in a TLR-dependent manner [7, 21]. 

To investigate the role of GroEL2 cleavage during Mtb infection of DCs, we took 

advantage of Mtb bacterial strains that predominantly harbored cleaved GroEL2 (wild 

type Mtb, hip1 mutant complemented), FL GroEL2 (hip1 mutant Mtb) or a strain that 

was engineered to express GroEL2(cl) within the hip1 mutant. We found that ectopic 

expression of cleaved GroEL2 in the hip1 mutant background significantly diminished 

the hyperinflammatory phenotype of the hip1 mutant Mtb (Figure 3A). These data 

suggest that cleavage of GroEL2 in wild type Mtb directly contributes to impaired DC 

functions during infection and is likely to be a major contributor to the hip1 mutant 
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phenotype. Furthermore, we found that addition of GroEl2(cl) dampens proinflammatory 

responses of DCs (Figure 3B). The differential functions of GroEL2 and GroEL2(cl) are 

reminiscent of studies on other immunostimulatory heat-shock family proteins. Fong et al. 

report that heat-shock protein 70 (Hsp70), similar to GroEL2(cl), is secreted from cells 

and is capable of activating the immunomodulatory Siglec receptors on monocytes and 

neutrophils [22]. Intriguingly, Hsp70 delivers both anti-inflammatory and pro-

inflammatory signals through Siglec activation, pointing to important functional 

polymorphisms of extracellular Hsp proteins. In the context of these findings, our own 

data suggest that the two forms of Mtb GroEL2 are likely to be functionally distinct and 

that the balance between the amounts of the two form of GroEL2 during DC infection 

will influence the type of host immune response generated. We also show that FL 

GroEL2, but not GroEL2(cl) leads to upregulation of cell surface-associated 

costimulatory molecules on DCs such as CD40 and CD86 (Figure 1) and elicits 

significantly higher levels of IFN-g, IL-2, and IL-17 from antigen-specific CD4+ T cells 

(Figure 4A). Furthermore, in the context of live infection during DC-T cell co-culture, 

GroEL2(cl) modulates antigen-specific T cell responses and thus promotes sub-optimal 

immune responses (Figure 4B). These results are consistent with previous reports on the 

ability of FL Mtb GroEL2 to enhance antigen cross presentation during DC-T cell co-

culture [10]. Further, biochemical and structural studies indicate that GroEL2 may be 

involved in promoting antigen presentation. GroEL2 possesses specific protein domains 

that have the potential to bind peptide substrates, a process that likely facilitates their 

subsequent association with MHC molecules [23, 24]. Together, our results highlight 
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GroEL2 cleavage as a mechanism employed by Mtb to modulate DC-mediated immunity 

during infection. 

 

Our studies add insight to a growing body of data implicating GroEL2 in modulating host 

immune responses to Mtb infection. Mycobacteria are unusual among bacteria in 

possessing two GroEL proteins, the cytoplasmic protein GroEL1, which is highly 

homologous to the E. coli GroEL chaperonin, and GroEL2 [25, 26]. While GroEL1 is 

cytoplasmic, GroEL2 is localized to the cell envelope and secreted extracellularly. 

Interestingly, GroEL2 is reported to be among the most abundant Mtb proteins in vivo 

and a dominant contributor to the potent immune response elicited by Mtb Purified 

Protein Derivative (PPD) [27, 28]. Indeed, several studies investigated GroEL2 as a 

vaccine adjuvant, showing that FL GroEL2 boosts the magnitude of the immune response 

against infection, thereby improving vaccine mediated protection against Mtb [17-20]. 

These studies show that FL GroEL2 appears to mediate its efficacy via a cellular 

response dominated by IFN-g producing Th1 cells [18]. Our results on the functional 

differences between FL and cleaved GroEL2 add credence to these findings and highlight 

a potential use for GroEL2 as an immunomodulatory component in strategies aimed at 

improving vaccine-induced immunity to Mtb infection. 
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MATERIAL AND METHODS 

 

Plasmid construction  

a) for expression in E. coli  

Mtb groEL2 was cloned into pACYCDuet-1 (Merck Millipore, Darmstadt, Germany) via 

the restriction sites EcoRI and KpnI using the InFusion cloning system following the 

manufacturer’s protocol. Mtb groEL2 was amplified using the primers 5’-

GCCAGGATCCGAATTCGATGGCCAAGACAATTGCGTACGAC-3’ and 5’-

TTACCAGACTCGAGGGTACCGAAATCCATGCCACCCATGTCGCC-3’, yielding a 

construct bearing an in-frame N-terminal 6XHis-tag and a C-terminal S-tag, yielding 

pACYCDuet-1 GroEL2. Using LC/MS/MS analysis, we previously identified GroEL2 is 

cleaved between amino acid positions 12 and 13 at the N-terminus to produce the cleaved 

GroEL2 protein [7]. Using this information, we constructed Mtb groEL2(cl) using 

primers 5’-TCCACGGAATTCGGGCCTCGAGCGGGGCTTGAACGCC-3’ and 5’-

TCCAGTGGTACCTCAGAAATCCATGCCACCCATGTC -3’, yielding a 

pACYCDuet-1 GroEL2(cl) construct bearing an in-frame N-terminal 6XHis-tag and a C-

terminal S-tag. 

b) for expression in Mtb  

Secreted GroEL2(cl)-myc: To express the cleaved form of GroEL2, GroEL2 (cl), the 

groEL2 gene (minus the first 13 amino acids) was amplified from the Mtb genome using 

forward primer 5’-ACGCAGCTGGGCCTCGAGCGGGGCTTGAACGCC-3’ and 

reverse primer 5’- 

AGTAAGCTTTCACAGATCTTCTTCAGAAATAAGTTTTTGTTCGAAATCCATGC
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CACC-3’ and cloned into the PvuII and HindIII sites of pMV762, downstream of the 

predicted N-terminal signal sequence from Mtb antigen 85 complex B NH2- 

MTDVSRKIRAWGRRLMIGTAAAVVLPGLVGLAGGAATAGA-OH and an in-frame 

C-terminal Myc tag. 

 

Expression and preparation of recombinant proteins GroEL2 and GroEL2(cl) from 

E. coli 

The plasmids, pACYCDuet-1 GroEL2 and pACYCDuet-1 GroEL2(cl) were separately 

transformed into E. coli BL21 Star (DE3) (Invitrogen, Carlsbad, CA) for protein 

expression. LB broth (1L) containing 34 µg/mL chloramphenicol was inoculated with 5 

mL of overnight culture and incubated at 37ºC to an OD600 of 0.6 to 0.8. The cells were 

cooled to room temperature for 15-30 minutes after which 1 mM IPTG was added and 

the cells were incubated overnight at 28°C.  The cells were then centrifuged at 10,000 

rpm for 1 hour. The cell pellet containing GroEL2 or GroEL2(cl) was resuspended in 

binding buffer (20 mM Tris-HCl, 500 mM NaCl, 5 mM Imidazole, pH 7.9, 200 µg/ml 

lysozyme, 1.8 µg/µl DNase) plus protease inhibitor cocktail (Santa Cruz Biotechnology, 

Dallas, TX), sonicated and centrifuged at 16, 000 x g for 90 min to remove cellular debris 

and clarify. The soluble fraction was added to Ni2+- charged beads in a gravity column. 

The cell lysate in the gravity column was first washed with wash buffer 1 (20 mM Tris-

HCl, 500 mM NaCl, 60 mM imidazole, pH 7.9) and then wash buffer 2 (10 mM Tris-

HCl) to remove residual salts from the column. To remove endotoxin, the cell lysate was 

washed with 0.5% ASB-14 (Millipore, Billerica, MA) in 10 mM Tris-HCl. Finally, the 

lysate was washed with 10 mM Tris-HCl to remove any excess detergent. The protein 



	

	

187	

was eluted with 1M imidazole in 10 mM Tris-HCl and dialyzed overnight in 1´ PBS 

buffer. The protein was further purified by size exclusion chromatography on GE 

Superdex 75 10/300 GL column. The purified protein was then concentrated. The 

endotoxin levels for each protein were <10 ng-1 ml-1 mg-1 as determined using LAL 

Chromogenic endotoxin quantitation kit (Thermo Scientific, Rockford, IL). Proteins were 

subjected to SDS-PAGE and visualized as a single band by staining with 0.05% 

Coomassie blue R-250. The concentrations of purified proteins were determined by 

Bradford method using bovine serum albumin (BSA) as the standard.  

 

Bacterial strains and media 

Mtb H37Rv, the hip1 mutant strain (described previously) [29, 30] and Mtb strain 

expressing GroEL2(cl) were grown at 37°C in Middlebrook 7H9 broth or 7H10 

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

Dickinson, Franklin Lakes, NJ), 0.02 % glycerol, and 0.05% Tween 80 (for broth), with 

the addition of 25 µg/ml kanamycin  (Sigma-Aldrich, St. Louis, MO) for the hip1 mutant, 

and, for complemented strains, 10 µg/ml streptomycin (Sigma-Aldrich, St. Louis, MO) or 

50 µg/ml hygromycin (Roche Diagnostics, Indianapolis, IN) was added. 

 

Mice 

All mice were housed under specific pathogen-free conditions in filter- top cages within 

the vivarium at the Yerkes National Primate Center, Emory University, and provided 

with sterile water and food ad libitum. C57BL/6 mice were purchased from The Jackson 

Laboratory. OTII-transgenic (Tg) mice specific for OVA323–339 peptide originally 
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generated in the laboratory of Dr. F. Carbone (University of Melbourne, Melbourne, VIC, 

Australia) were bred at the Yerkes animal facility. 

 

Dendritic cells and cytokine assays 

For generating murine bone marrow–derived DCs (BMDCs), bone marrow cells from 

C57BL/6 mice were flushed from excised femurs and tibias and grown in RPMI 1640 

medium (Lonza, Walkersville, MD) with 10% heat-inactivated FBS (HyClone, Logan, 

UT), 2 mM glutamine, 13 2-ME, 10 mM HEPES, 1 mM sodium pyruvate, 13 

nonessential amino acids, and 20 ng/ml murine recombinant GM-CSF (R&D Systems, 

Minneapolis, MN). Incubations were carried out at 37 ̊C with 5% CO2. Fresh medium 

with GM-CSF was added on days 3 and 6, and cells were used on day 7 for all 

experiments. We routinely obtained ∼75% CD11c+ CD11b+ cell purity by flow 

cytometry. BMDCs were further purified by using magnetic beads coupled to CD11c+ 

mAb and passed through an AutoMACS column as per the manufacturer’s instructions, 

where indicated (Miltenyi Biotec, Auburn, CA). For all experiments, cells were 

maintained throughout in medium containing GM-CSF.  

For infection, BMDCs were plated onto 24-well plates (3x105 per well). Bacteria were 

filtered through 5 micron filters, resuspended in complete medium containing 20 ng/ml 

GM-CSF, and sonicated twice for 5 s each before addition to the adherent monolayers. 

Each bacterial strain was used for infection (in duplicate or triplicate) at a multiplicity of 

infection (MOI) of 5 or as indicated. Infection of BMDCs was carried out for 4 h, after 

which monolayers were washed four times with PBS before replacing with RPMI 1640 

medium containing 20 ng/ml GM-CSF. To determine intracellular CFU, one set of DCs 
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was lysed in PBS containing 0.5% Triton X-100 and plated on 7H10 agar plates 

containing the appropriate antibiotics.  

For stimulation of BMDCs with recombinant GroEL2 protein, endotoxin-free GroEL2 

and GroEL2(cl) in supplemented RPMI 1640 (as described above) were added to 

C57BL/6 BMDCs for 24 hours. Cell-free supernatants from DC monolayers were 

isolated at indicated points and assayed for cytokines by ELISA using Duo Set kits for 

IL-12p40, IL-6, and IL-10 (BD Biosciences, San Jose, CA). Assays were carried out 

according to the manufacturer’s instructions. Uninfected BMDCs were used as controls 

for each experiment. 

 

DC-T cell coculture assays 

a) with live Mtb strains 

BMDCs were differentiated and plated as described above. BMDCs were infected (in 

triplicate) with wild type, hip1 mutant or hip1 mutant + GroEL2(cl) Mtb strains at a 

multiplicity of infection (MOI) of 10. Infection of BMDCs was carried out for 4 hours, 

after which monolayers were incubated with amikacin (200 µg/ml; Sigma-Aldrich) for 45 

minutes to kill extracellular bacteria and then washed four times with PBS before 

incubating for 24 hours in complete medium. Following washing, to determine 

intracellular CFU, one set of DCs was lysed in PBS containing 0.5% Triton X-100 and 

plated on 7H10 agar plates containing the appropriate antibiotics. On the following day, 

BMDCs were co-cultured with ESAT-6-specific TCR-Tg CD4+ T cells at 1: 4 DC: T cell 

ratio for 80 hours. CD4+ T cells were purified from single-cell suspensions of spleen and 

lymph nodes from 6–8-week-old transgenic mice using MACS Miltenyi CD4+ positive 
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selection kit (L3T4). Purified CD4+ T cells showed ≥ 99% purity by FACS analysis. Cell 

free supernatants collected from co-cultured cells were analyzed for IFN-γ (Mabtech, 

Cincinnati, OH), IL-17A (ELISA Ready-Set-Go, eBioscience), and IL-2 (BD 

Biosciences) by ELISA according to the manufacturers’ instructions. 

b) with recombinant GroEL2 protein 

CD4+ T cells were purified from single-cell suspensions of spleen and lymph nodes from 

6–8-week-old OTII-Tg mice using the EasySep naïve CD4+ T cell isolation kit (Stemcell 

Technologies). BMDCs were incubated in 24-well plates (3x105/well) with varying 

amounts of OVA323-339 peptide (1 µg/ml, 10 µg/ml, 50 µg/ml) for 6 hours and then 

stimulated with either recombinant GroEL2 (10 µM) or GroEL2(cl) (10 µM) for 24 hours. 

Then, BMDCs were washed twice with PBS and co-cultured with OVA323–339-specific 

TCR-Tg CD4+ T cells at a 1:4 ratio for 72 h. Supernatants collected from these cells were 

analyzed for IFN-g (Mabtech), IL-2 (BD Biosciences), and IL-17A (eBioscience) by 

ELISA according to the manufacturers’ instructions. 

 

Flow cytometry  

Murine anti-CD11c allophycocyanin (clone N418) and anti-CD11b FITC (clone M1/70) 

were obtained from BioLegend; anti-CD40 PE (clone 3//23), anti-CD86 PE (clone GL1) 

and anti–MHC II PE (clone M5/ 114.15.2) were purchased from BD Biosciences. 

Staining for cell-surface markers was done by resuspending ∼1x106 cells in 200 ml PBS 

with 2% FBS containing the antibody mixture. Cells were incubated at 4 ̊C for 30 min 

and then washed with PBS containing 2% FBS. Data were immediately acquired using an 



	

	

191	

LSR flow cytometer (BD Biosciences). Data were analyzed with FlowJo software (Tree 

Star, San Carlos, CA). 

 

Statistical analysis 

The statistical significance of data was analyzed using the Student’s unpaired t-test 

(GraphPad Prism 5.0a). Data are shown as mean ±S.D. of one representative experiment 

from three independent experiments. 

 

Author contributions 

Conceived and designed the experiments: JR, MG, EB, JKS, RML. Performed the 

experiments: MG, EB, JKS, RML. Analyzed the data: JR, MG, EB, JKS. Contributed 

reagents/materials/analysis tools: JR. Wrote the manuscript: JR, MG. 

 

Acknowledgements 

This work was supported by grants from the National Institute of Allergy and Infectious 

Diseases, National Institutes of Health: 5R01AI083366-05 and 2R56AI083366-06A1 (to 

JR), a Yerkes National Primate Center Base grant: RR000165 and a Center for AIDS 

Research (CFAR) Immunology Core grant (to Emory University): P30AI050409. 

 

  



	

	

192	

FIGURE LEGENDS AND FIGURES 

Figure 1. Expression of co-stimulatory molecules CD40 and CD86 on DCs in 

response to full length GroEL2 and GroEL2(cl). We stimulated C57BL/6 BMDCs 

with recombinant GroEL2 or GroEL2(cl) for 24 hours and analyzed cell surface 

expression of CD40 and CD86. Representative histograms and MFI values for the 

CD11c+ DC subpopulation are shown. Isotype and Pam3CSK4 control are shown as gray 

and green outlines respectively. Data are shown as mean ±S.D. of one representative 

experiment from three independent experiments.  
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Figure 2. Differential stimulation of proinflammatory cytokines from dendritic cells 

by GroEL2 and GroEL2(cl). We measured levels of IL-6 and IL-12p40 cytokines 

produced by C57BL/6 BMDCs 24 hours after stimulation with varying levels of 

recombinant GroEL2 or GroEL2(cl). Data are shown as mean ±S.D. of one representative 

experiment from three independent experiments. 
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Figure 3. GroEL2(cl) restores wild type levels of proinflammatory cytokine 

responses in dendritic cells and dampens the stimulatory capacity of full length 

GroEL2. (A) We measured IL-6 and IL-12p40 cytokines produced by C57BL/6 BMDCs 

24 hours after infection with live Mtb strains. (B) We incubated C57BL/6 BMDCs with 

recombinant GroEL2 and GroEL2(cl) either alone (5 µM) or together (5 µM each) for 24 

hours. The calculated additive effect of GroEL2 and GroEL2(cl) is represented as a sum 

of the cytokine levels for each protein alone.	Data are shown as mean ±S.D. of one 

representative experiment from three independent experiments.  
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Figure 4. GroEL2 proteolysis modulates DC antigen presentation and T cell 

polarization. (A) We pulsed DCs with varying amounts of OVA323-339 peptide (1 µg/ml, 

10 µg/ml, 50 µg/ml) for 6 hours and then stimulated with either recombinant GroEL2 or 

GroEL2(cl) for 24 hours. Following co-culture with antigen-specific TCR-Tg CD4+ T 

cells for 72 hours, we assayed for cytokines IFN-g, IL-2 and IL-17A ELISA. (B) We 

infected DCs with live Mtb strains and then co-cultured them with purified ESAT-6-

specific TCR-Tg CD4+ T cells. After 80 hours, cell-free supernatants were collected and 

assessed for cytokines IFN-g, IL-2 and IL-17A ELISA. Data are shown as mean ±S.D. of 

one representative experiment from three independent experiments.  
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