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Abstract

Mycobacterium tuberculosis has co-evolved with its host to evade and modulate host cellular processes. Few PE/PPE proteins
of Mycobacterium have been reported to modulate cell death pathways and determine the infection outcome. This study
investigates role of one such uncharacterized protein PE_PGRS45/Rv2615c in host cell death and immuno-modulation. In-silico
analysis predicted similarity of Rv2615c with APAF1-apoptosome and involvement in Cysteine-type endo-peptidase activation
during apoptosis. In-vitro experiments with THP-1 macrophages confirmed the Caspase-dependent apoptosis inducing potential
of Rv2615c. Several PE_PGRS proteins have been reported to be TLR-agonist. Docking showed preferential binding of Rv2615c
with TLR4 than TLR2. Up-regulation of TLR4-HLA-DR-MyD88-NF-B-TNF-α in Rv2615c-stimulated THP-1 macrophages was

observed. To investigate the mechanism underpinning the apoptotic function, a thorough sequence scan of Rv2615c revealed the

presence of eukaryotic CARD-like domain in it. In-silico studies showed binding affinity of Rv2615c’s CARD-like domain with

APAF1-CARD and Caspase9-CARD, attributing Rv2615c’s role in apoptosis. Since, Rv2615c is reported to be upregulated

in dormancy which suggest that it may be one of the unexplored effectors employed by Mtb for its persistence via silent cell-

to-cell spread of infection by inducing macrophage apoptosis. Additionally, Rv2615c’s interaction with TLR4 implicates its

engagement in host-pathogen interaction.
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Mycobacterium tuberculosis has co-evolved with its host to evade and modulate host cellular processes. Few
PE/PPE proteins ofMycobacterium have been reported to modulate cell death pathways and determine the
infection outcome. This study investigates role of one such uncharacterized protein PE PGRS45/Rv2615c
in host cell death and immuno-modulation. In-silico analysis predicted similarity of Rv2615c with APAF1-
apoptosome and involvement in Cysteine-type endo-peptidase activation during apoptosis. In-vitro experi-
ments with THP-1 macrophages confirmed the Caspase-dependent apoptosis inducing potential of Rv2615c.
Several PE PGRS proteins have been reported to be TLR-agonist. Docking showed preferential binding
of Rv2615c with TLR4 than TLR2. Up-regulation of TLR4-HLA-DR-MyD88-NF-B-TNF-α in Rv2615c-
stimulated THP-1 macrophages was observed. To investigate the mechanism underpinning the apoptotic
function, a thorough sequence scan of Rv2615c revealed the presence of eukaryotic CARD-like domain in it.
In-silico studies showed binding affinity of Rv2615c’s CARD-like domain with APAF1-CARD and Caspase9-
CARD, attributing Rv2615c’s role in apoptosis. Since, Rv2615c is reported to be upregulated in dormancy
which suggest that it may be one of the unexplored effectors employed by Mtb for its persistence via silent
cell-to-cell spread of infection by inducing macrophage apoptosis. Additionally, Rv2615c’s interaction with
TLR4 implicates its engagement in host-pathogen interaction.

Keywords:

Mycobacterium tuberculosis, Rv2615c, Apoptosis, Toll-like receptor 4, CARD-like domain

Abbreviation:

Mycobacterium tuberculosis (Mtb), Apoptotic Peptidase Activating Factor 1 (APAF1), Caspase Activation
and Recruitment Domains (CARD), Toll-like receptor (TLR), Tumor necrosis factor-α (TNF-α)

1. Introduction

Tuberculosis (TB) caused by intracellular bacterium Mycobacterium tuberculosis (Mtb), remains a global
health burden for decades now (WHO, 2021). Many hypothetical proteins in different pathogenic bacteria
have been characterized and found to play role in pathogen persistence and disease progression suggesting the
importance of unravelling their function (Desler et al. , 2009; Kumar et al. , 2014). The Proline-Glutamate
(PE)/ Proline-Proline-Glutamate (PPE) proteins encoded within 7% of Mtb genome are exclusive to the
pathogenicMycobacterium (Cole et al. , 1998; Gey Van Pittius et al. , 2006; McGuire et al. , 2012). The PE -
PGRS proteins of this family have been studied for their immunogenic potential and as modulators of host
immune responses (Medha, Sharma and Sharma, 2021). Many PE PGRS proteins are still uncharacterized
and therefore, investigating their role in Mtb pathogenesis and persistence poses an interesting research
question.

Various cell death modalities such as necrosis, pyroptosis, autophagy and apoptosis have been reported in
case of Mtb infection which are immune defence mechanisms of host (Chai, Wang and Liu, 2020). It is
important to understand how these cell death modalities are exploited by the pathogen for its benefit. There
are approximately 12 PE PGRS proteins observed to be expressed a late stage of infection (chronic stage)
i.e., at 90 days in infected guinea pig lungs (Kruh et al. , 2010). A recent study investigated the role
of PE PGRS5 and revealed the ability of this late stage expressing protein to induce apoptosis (Grover et
al. , 2018). Reports on other PE proteins such as PE PGRS33 and PE6 have also shown the apoptosis
inducing potential of these Mtb proteins; though the time of their expression is yet to be investigated (Basu
et al. , 2007) (Sharma et al. , 2021). The apoptogenic function played by these PE family proteins has
been discussed to be beneficial for granuloma maintenance during later stages and infection persistence in
all the reported studies. On the basis of these findings, we deduced that these PE/PPE proteins might be
expressed at later stages of infection within granuloma of infected host cell. Apoptosis induction by these
proteins may enable Mtb to expand its niche without an exaggerated inflammatory response to promote its
persistence (Medha, Sharma and Sharma, 2021). It has been reported that Mtb escapes the phagolysosome
and translocate to cytosol where it triggers host cell apoptosis. These apoptotic cells can be phagocytosed by
näıve infiltrated macrophages which accumulate to develop primary granulomatous lesion. The bacilli infected
macrophages then migrate to different tissues and culminates in secondary granuloma development. Findings
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of studies on Mtb infected mouse and zebrafish lung granuloma suggest that apoptosis and bacilli survival
could be positively correlated; though needs further research (Davis et al. , 2002), (Volkman et al. , 2004),
(Saunders and Britton, 2007), (Seimon et al. , 2010), (Ramakrishnan, 2012). Mtb-infected lung granulomas
have reported to contain apoptotic macrophages. (Fayyazi et al. , 2000; Pan et al. , 2005). While some studies
showed apoptosis as a host mediated defence mechanism against the pathogens; recent studies also showed
that several Mtb proteins could either induce or inhibit apoptosis. Therefore, if Mtb has both apoptogenic as
well as apoptosis inhibiting proteins, it is important to understand when these proteins express themselves
during the course of infection. When the apoptosis induction potential of these proteins was correlated with
their time of expression, it was observed that these proteins might be expressed at late stages of infection at
the site of lung granuloma and aid in pathogen dissemination via apoptosis (Grover et al. , 2018) (Sharma et
al. , 2021). Additionally, one study also revealed that to prevent excessive host inflammatory responses and
ensure long-term intracellular survival, Mtb regulates intracellular bacterial burden by inducing apoptosis
(Chaiet al. , 2019). The PE PGRS proteins and the ESX-V secretory system have co-evolved together and
it has been reported that members of ESX-I and ESX-V secretory system induce host cell apoptosis that
aids in pathogen persistence (Gey Van Pittius et al. , 2006), (Abdallahet al. , 2007), (Abdallah et al. , 2011),
(Aguilo et al. , 2013). PE PGRS33 (Rv1818c) has been reported to trigger mitochondria-mediated intrinsic
apoptosis via TLR2-TNF-α signalling and facilitates survival of Mycobacterium smegmatis expressing this
protein within host macrophages (Basu et al. , 2007) (Cadieuxet al. , 2011). Another protein Rv0297
[PE PGRS5] expressed at 90 days of infection is reported to induce endoplasmic reticulum stress mediated
apoptosis via TLR4-TNF-α signalling pathway and favours Mtb dissemination (Grover et al. , 2018).

In TDR Target database, Rv2615c is reported to be an essential protein in Mtb growth and is up-regulated
during latent/dormant TB infection (Hasan et al. , 2006; Murphy and Brown, 2007). Biochemical charac-
terization of Rv2615c revealed it to be an oxidoreductase which could be targeted by drugs with anti-TB
property using drug repurposing approach (Medha, Joshi, et al. , 2022). Given the essentiality of this pro-
tein in Mtb pathogenesis, we designed this study to investigate the molecular characterization of Rv2615c
(PE PGRS45) protein in host cell death and in modulation of host immune response. Preliminaryin-silico
profiling predicted Rv2615c to be an antigenic protein (Vaxijen score of 1.73). Homology and function-based
characterization revealed high similarity of Rv2615c with APAF1-apoptosome and involvement in Cysteine-
type endo-peptidase activation process during apoptotic pathway. To validate these in-silico results,in-vitro
experiments with recombinant Rv2615c and THP-1 macrophages were conducted. Our results showed that
Rv2615c protein of Mtb induced host macrophage apoptosis and Caspase activation indicating that this
protein might be employed by the pathogen during late stages of infection at the site of granuloma where
it may facilitate disease persistence through apoptosis induction. During late stages of infection, the granu-
loma is maintained by activated macrophages. To understand the role of Rv2615c in macrophage activation
and granuloma maintenance, we probed the expression of TLRs, HLA-DR, NF-B and pro-inflammatory
cytokines. Experiments with Rv2615c-stimulated THP-1 macrophages showed up-regulated levels of TLR4-
MyD88, antigen presenting HLA-DR molecules, NF-B and inflammatory TNF-α cytokine. To get further
insight into the apoptotic function of Rv2615c, a thorough sequence scan was done which highlighted the
presence of eukaryotic CARD (Caspase Activation and Recruitment Domains)-like domain in Rv2615c sim-
ilar to CARD domains in Apoptotic Peptidase Activating Factor 1 (APAF1) and Caspase9. Docking and
Molecular Dynamic (MD) simulation studies substantiated the high binding stability of Rv2615c complex
with CARD-APAF1 and CARD-Caspase9. Two critical residues (Leu116 and Ile117) in the CARD-like do-
main of Rv2615c was found to be either conserved or highly similar and aligned with the conserved residues
of APAF1-CARD and Caspase9-CARD domain. Docking and MD simulation studies confirmed that the
mutation and deletion of these two residues decreased the stability of Rv2615c protein and its affinity to
bind CARD domain of APAF1 and Caspase9. Validation through site-directed mutagenesis experiments will
give further insight of molecular mimicry adopted by Rv2615c protein of Mtb.

2. RESULTS:

2.1 In-silico characterization of Rv2615c

3
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2.1.1 Rv2615c is an antigenic protein predicted to be involved in host cell death pathways

Vaxijen 2.0 server predicted Rv2615c to be a probable antigen with high score of 1.73. 5 models were gen-
erated for secondary structure prediction using I-TASSER server which were further subjected for energy
minimization in Chiron server. Model 1 was selected based on the C score of -3.06 in I-TASSER. Ramachan-
dran plot for Model 1 showed 97.5% residues were present in favoured and generously allowed region while
only 2.5% residues were present in disallowed region. Errat score was 86.67 for Model 1 and Verify3D score
was 81.13.

I-TASSER predictions related to functional role strongly pointed the involvement of Rv2615c in host cell
death pathways. Three top predicted structural analogs and Gene ontology templates for Rv2615c were
those of Apoptosome complex (PDB ID: 5JUL, 3IZ8, 1VT4) and Apoptosome-ProCaspase9 CARD complex
(PDB ID: 3IYT, 3IZA). Consensus GO terms for biological process and molecular functions were – GO:
0006917 (apoptotic process) and GO: 006919, GO: 0043028, GO: 0016505 (apoptotic process involved in
activation of cysteine type endo-peptidase activity).

2.2 In vitro assessment of Rv2615c for inducing apoptosis

3.2.1 Cloning, expression and purification of recombinant Rv2615c protein

His-tagged recombinant Rv2615c protein was successful with pGEMT easy vector in DH5α followed by
pET28a[+] expression vector in BL21DE3 and the clones were also confirmed by sequencing. Rv2615c was
successfully expressed and purified from insoluble fraction of transformed BL21 DE3 culture by affinity
chromatography. The protein had a molecular weight of 39.3 kDa observed in SDS-PAGE and anti-His
antibody on western blotting (Fig S1). One liter of culture yielded approximately 2 mg/mL of protein. The
purified protein was passed through polymyxin B-agarose beads to remove bacterial endotoxin and Limulus
Amoebocyte Lysate assay (Pierce, USA) was performed in collected fractions which confirmed no endotoxin
contamination.

2.2.2 (a) Rv2615c protein induces cell death in THP-1 macrophages

To determine the cell viability, MTT and CellTiter Blue assay were performed to probe any change in viability
of THP-1 cells in response to Rv2615c stimulation. Three concentrations of Rv2615c (5μg/ml, 10μg/ml and
15μ/ml) were included for checking the dose dependent viability. Cell viability was prominently affected in
Rv2615c stimulated cells in a dose dependent manner (Fig S2a). Based on these observations, we selected
10μg/ml as stimulation concentration for Rv2615c protein in our experiments. Unless otherwise stated,
LPS and staurosporine served as controls in each experiment. Viability of Rv2615c-stimulated and control-
stimulated THP-1 macrophages was significantly decreased at all-time points when compared to unstimulated
cells (Fig S2b and S2c). In comparison to the unstimulated cells, Rv2615c-stimulation caused approximately
50 to 60% cell death till 48 hours that was comparable to cell death induced by LPS stimulation (Fig S2b
and S2c). These observations indicate that Rv2615c protein affects viability and induce cell death in THP-1
macrophages.

2.2.2. (b) Rv2615c protein did not induce LDH, a marker for the necrotic cell death

LDH release usually determines the cellular cytotoxicity in response to external stimulus; moreover, it also
defines if the cells are undergoing necrotic cell death. 1% Triton-X, lysis buffer and a positive control was
included as controls in study. Rv2615c-stimulation led release of LDH was observed to be at basal level,
comparable to the unstimulated cells (Fig S3). Levels of LDH were significantly high in each of the positive
controls included in the study at 16h, 24h and 48h. These observations indicate that the cell death induced
by Rv2615c protein is not necrosis.

2.2.2. (c) Rv2615c-stimulation leads to flipping of phosphatidylserine on outer membrane and
apoptosis of THP-1 macrophages

Phosphatidylserine [PS] is flipped from the inner to the outer leaflet of the plasma membrane as a result
of biochemical alterations associated with the initiation of apoptotic pathway. Rv2615c-stimulation showed
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an increase in early apoptosis indicated by annexinV positive cells (Fig 1b, bottom right quadrant) plus
late apoptosis indicated by annexinV/PI dual-positive cell population (Fig 1b, top right quadrant) in a
time-dependent manner. At 16h, there was no significant increase in percentage of both the cell populations
(early apoptotic annexinV positive; late apoptotic annexinV/PI positive cells) on stimulation with Rv2615c
protein as compared to unstimulated control (Fig 1a). At 24h and 48h, Rv2615c-stimulation showed gradual
and significant increase in percentage of dual positive cell populations (Mean±SEM in range of 37 to 49%)
as compared to unstimulated cells (Mean±SEM in range of 27 to 35%) while the cell death was comparable
to LPS stimulation (Mean±SEM range of 33 to 47%) at 48h. Since Staurosporine is a well-known cell death
inducer; we observed maximum cell death (Mean±SEM value of 62%) till 48h (Fig 1a).

2.2.2 (d) Rv2615c stimulation leads to DNA fragmentation in THP-1 macrophages

DNA fragmentation is another distinct feature of cells undergoing apoptosis which was studied by TUNEL
assay. At 16h, 24h and 48h, the percentage of TUNEL positive cells in response to Rv2615c-stimulation
(Mean±SEM range of 22 % to 35%) were significant than the unstimulated cells (Mean±SEM range of 3
% to 25%) and comparable to positive control (LPS/Staurosporine stimulated) cells (Fig 1c and 1d). These
results depicted that the putative Rv2615c protein induces apoptotic cell death in THP-1 macrophages.

2.2.2 (e) Rv2615c protein trigger the activation of Caspase9 in THP-1 macrophages

Initiator Caspase 9 activation is necessary for the development of the apoptosome complex and the subsequent
activation of executioner Caspases 3 and 7, which results in apoptotic cell death. To check the engagement
of initiator Caspase9 with respect to apoptosis induction by selected recombinant protein, western blot
assessment of the total cell lysate from THP-1 macrophages post-stimulation with Rv2615c protein was
done to determine if initiator Caspase9 was activated for the induction of apoptosis in response to Rv2615c.
Levels of activated Caspase9 was quantified using ImageJ and revealed to be increased in response to Rv2615c
stimulation relative to unstimulated cells and LPS stimulation (Fig 2a and 2b).

2.2.2. (f) Rv2615c-induced apoptotic cell death involves activation of Caspase 3 and 7

Classical intrinsic apoptosis includes the activation of Caspase 3 and Caspase 7 as the ultimate executioner
caspases following APAF1-Caspase9-apoptosome formation. As a result, we investigated the activation of
Caspase 3 and Caspase 7 during Rv2615c-mediated cell death. Rv2615c protein leads to activation of Caspase
3 and 7 at all the time points shown by significant increase in the percentage of Caspase 3 and 7 positive
cells (Fig 2c). Rv2615c-stimulation led to a significant 1.5-fold increase in Caspase 3 and 7 activations than
unstimulated cells. Staurosporine and LPS included as positive controls in the study led to approximately
1.6-fold increase in percentage of Caspase 3 and 7 positive cells than the unstimulated cells at 48h. The
percentage of Caspase 3 and 7 positive cells was decreased by approximately 1.5 folds when pre-treated with
pan caspase inhibitor Z-VAD-fmk in cells stimulated with Rv2615c protein and controls at 24h (Fig 2d).
Additionally, the percentage of AnnexinV/AnnexinV-PI dual positive cells stimulated with Rv2615c protein
decreased by 1.3-fold when pre-treated with pan Caspase inhibitor Z-VAD-fmk at 24h (Fig 2e). These results
depicted that the selected Rv2615c protein induces Caspase 3 and 7 dependent apoptotic cell death in THP-1
macrophages.
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Figure 1. Flow cytometry analysis of AnnexinV and TUNEL positive cells expression in THP-1
macrophages following protein stimulation at different time points
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THP-1 macrophages were left unstimulated or stimulated with control/Rv2615c protein for 16h, 24h and 48h.
Annexin V-FITC and PI/ TUNEL assay was performed in Flow Cytometer. 1(a) Graphs were plotted for
different time points with a) % of annexinV + annexinV/PI dual positive cells and c) % of TUNEL positive
cells on y axis and control/Rv2615c protein on x axis. Statistical analysis was done with Student’s t test and
results are Mean ± SEM of three independent experiments where * represents comparison with unstimulated
cells and *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 1(b) Dot plot showing gating strategy for cells
stained with AnnexinV-FITC and PI staining which were analysed by Flow Cytometer. Plots were generated
as annexinV fluorescence (FL1) on x axis and PI fluorescence (FL3) on y axis. Total 10000 events were
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acquired for each sample and threshold was set at 80000. Cells in lower right quadrant coloured in green
depicts percentage of annexinV single positive (early apoptotic cells); cells in upper right quadrant colours
in red depicts percentage of annexinV /PI dual positive (late apoptotic cells); cells in upper left quadrant
depicts percentage of PI single positive (necrotic cells). 1d) Dot plot showing gating strategy for percentage
of TUNEL positive cells following staining with FITC-dUTP and PI to label the DNA breaks. Plots were
generated as FITC-dUTP (FL1) on x axis and PI fluorescence (FL2) on y axis. Total 10000 events were
acquired for each sample and threshold was set at 80000. Cells in gate P3 shows the total percentage of
TUNEL positive cells or cells with DNA breaks.

Figure 2. Western blot and graphs depicting activation of Caspase9 and Caspase 3 and 7
respectively following protein stimulation of THP-1 macrophages

Activated Caspase9, 3 and 7 estimation experiments were carried out on THP-1 macrophages that had either
been left unstimulated or stimulated with control/Rv2615c protein. (a) Western blot image showing bands
for activated Caspase9. Proteins were transferred onto the PVDF membrane after cell lysate was prepared
and separated on SDS-PAGE post 24 hours stimulation. The polyclonal anti-Caspase9 antibody was used
to measure the amounts of activated Caspase9, and an internal loading control, GAPDH, was employed at
a dilution of 1:1000. b) ImageJ software was used to quantify the size of each western blot band. Results
are shown as the meanSEM values of three separate experiments and were examined by showing the ratio
of each band area with respect to unstimulated cells. Student’s t test was performed where * depicts
the comparison with unstimulated cells for Caspase9 and GAPDH separately. (*P<0.05, **P<0.01). c)
Unstimulated/control/Rv2615c protein stimulated THP-1 macrophages were incubated for different time
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points (16h, 24h and 48h) and activation of Caspase 3 and 7 was estimated which is a characteristic of
intrinsic apoptosis.

Each western blot band was measured using ImageJ software. The ratio of each band area with respect
to unstimulated cells was investigated, and the results are presented as them Mean±SEM values of three
distinct experiments. The comparison of Caspase9 and GAPDH individually with unstimulated cells was
shown using the Student’s t test, where *. (*P<0.05, **P<0.01). c) THP-1 macrophages that were left
unstimulated or stimulated with control/Rv2615c protein were incubated for different time points (16 hours,
24 hours, and 48 hours), and the activation of caspase 3 and 7 was estimated. THP-1 cells were also blocked
with z-VAD-fmk Caspase inhibitor prior to stimulation and evaluated for d) levels of Caspases 3 and 7 and e)
expression of AnnexinV/AnnexinV-PI dual positive cell population at 24h. Graphs were plotted for different
time points with % of positive cells on y axis and control/Rv2615c on x axis. Statistical analysis was done
with Student’s t test and results are Mean ± SEM of three independent experiments where * represents
comparison with unstimulated cells and *P<0.05, **P<0.01, ***P<0.001.

2.3. Rv2615c protein enhances the expression of TLR4, HLA-DR and downstream effector
molecules to modulate the host immune response

2.3. (a) Docking studies revealed preferential binding of Rv2615c protein with TLR4 than
TLR2

TLRs in particular are essential for the recognition of the pathogenic Mtb proteins. The interaction of PE -
PGRS proteins with TLRs has been shown in a number of studies (Abdallah et al. , 2007; Bansalet al. ,
2010; Ramakrishnan, 2012; Grover et al. , 2018; Liuet al. , 2020). I-TASSER homology modelled Rv2615c
protein docking experiments with TLR2 and TLR4 demonstrated Rv2615c’s strong affinity for TLR4 binding
(Fig 3a). HADDOCK predicted a score of -141.3±13.8 for Rv2615c-TLR4 docked complex while -109.5±5.8
for Rv2615c-TLR2 docked complex. The TLR2-Rv2615c complex had a total of 46 structures, which were
grouped into 9 clusters, whereas the TLR4-Rv2615c complex had 67 structures, which were grouped into 9
clusters. TLR2 and Rv2615c complexes were predicted to have the best Z scores, with -2 for TLR2 and -1.7
for Rv2615c.

2.3. (b) Rv2615c leads to up-regulation of TLR4 and HLA-DR expression

Expression profile of TLR2 and TLR4 was estimated by flow cytometry in response to Rv2615c-stimulation
in THP-1 macrophages. Both Rv2615c and LPS-a TLR4 agonist resulted in significant 1.27-fold increase in
TLR4 percent positive cells at 24h than unstimulated control. There was no up-regulation of TLR4 expression
observed for cells stimulated with cell wall fraction of Mtb. When THP-1 cells were blocked with Anti-TLR4
antibody prior to stimulation with Rv2615c or controls; the percentage of TLR4 positive cells significantly
decreased by 1.4-fold implicating that the function of Rv2615c is TLR4 mediated. Further, there was no
up-regulation in TLR2 expression in response to both LPS and Rv2615c-stimulation at all-time points. Cell
wall fraction which was included as positive control for TLR2 expression showed a significant 1.2-fold increase
in TLR2 expression at all-time points (Fig 3b).

For determining the effect of Rv2615c-stimulation on TLR-associated antigen presenting molecule HLA-
DR, we performed flow cytometry analysis to study the expression of HLA-DR. Rv2615c showed significant
increase in percentage of HLA-DR positive cells at 24h and 48h. At 24h, there was significant 2-fold increase
in percentage of HLA DR positive cells induced by Rv2615c in comparison to unstimulated cells (Fig 3b).

In comparison to unstimulated cells, LPS and CWF significantly (˜1.5-fold ) raised the levels of HLA-
DR positive cells. We examined the HLA-DR levels in cells inhibited with anti-TLR4 antibody prior to
stimulation to determine the TLR4-dependent up-regulation of Rv2615c-induced HLA-DR expression. In
comparison to unstimulated cells, we observed a 2.8-fold decrease in HLA-DR expression in control (LPS
and CWF) and Rv2615c-stimulated THP-1 macrophages (Fig 3c and 3d).

2.3. (c) Rv2615c leads to up-regulation of downstream effector molecule- MyD88 and NF-B
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RT-PCR evaluation of cDNA from isolated mRNA of unstimulated and Rv2615c protein/LPS stimulated
THP-1 macrophages revealed an increase in fold change in MyD88 gene expression after 24h of stimulation
and in NF-B gene expression after 24 hours and 48 hours of stimulation. When compared to unstimula-
ted cells, Rv2615c protein stimulation led to approximately ˜2.6-fold increase and LPS stimulation led to
approximately ˜3-fold increase in the expression of MyD88 gene respectively (Fig 3d). Expression of NFκB
was observed to be approximately ˜4-fold increase in response to Rv2615c and approximately ˜2 to 4-fold
increase in response to LPS after 24 and 48hrs of stimulation as compared to unstimulated cells (Fig 3e).
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Figure 3. Expression profile of TLRs, HLA-DR, MyD88 and NF-B in Rv2615c-stimulated
THP-1 macrophages
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a) Predicted docked complex of Rv2615c (yellow) bound to TLR2 (green) and TLR4 (blue) using HADDOCK
server. b) THP-1 macrophages were stimulated with control/Rv2615c protein for 24h and 48h. Expression
profile of TLR2, TLR4 and HLA-DR was evaluated at 24h and 48h of stimulation. The percentage of
TLR/HLA-DR positive cells was plotted on the y axis and control/Rv2615c protein on the x axis of graphs
for various time points. The findings of the statistical study, which used the Student’s t test, are shown
as Mean±SEM for three separate experiments where * represents comparison with unstimulated cells and
*P<0.05, **P<0.01, ***P<0.001. c) THP-1 cells were blocked with Anti-TLR4 antibody prior to stimulation
and evaluated for levels of TLR4 and HLA-DR at 24h. Isolated mRNA from unstimulated or Rv2615c/LPS
stimulated macrophages were synthesized into cDNA and RT-PCR was performed to estimate the levels of
d) MyD88 and e) NF-κB gene expression using 2-[?][?] CT method. MyD88 and NF-κB gene expression in
unstimulated cells was considered 1 and with respect to unstimulated cells fold change in MyD88 and NF-κB
gene expression in LPS and Rv2615c was plotted. Graphs were plotted for different time points with fold
change in MyD88/NF-κB expression on y axis and LPS/Rv2615c protein on x axis. Results are expressed
as Mean ± SEM of three independent experiments.

2.3 (δ) Ρv2615ς λεαδς το υπ-ρεγυλατιον οφ προ-ινφλαμματορψ ςψτοκινε ΤΝΦ-α βυτ

δοων-ρεγυλατιον οφ ΙΛ-1β

A plethora of pro-inflammatory cytokines are secreted when an immune response is triggered. Additionally,
pro-inflammatory immune response activation is also involved in various cell death mechanisms that take
place at the host-pathogen interface. TLR4-NF-B signaling is a widely studied cascade known to activate
key pro-inflammatory cytokines such as TNF-α. We found significantly up-regulated levels of TNF-α at all
the time points in response to LPS and Rv2615c protein stimulated THP-1 macrophages as compared to
unstimulated cells (Fig 4a). Both Rv2615c and LPS showed approximately ˜ 3 to 4-fold increase in TNF-α
expression till 48h of stimulation. Another pro-inflammatory cytokine, IL-1β, is also reported to be released
as a result of TLR4-NF-B signalling. IL-1 β is a modulator of extrinsic apoptosis via Caspase 8 activation
and inflammasome activation. Interestingly, IL-1β levels in Rv2615c-stimulated macrophages were either
equivalent to or lower than in unstimulated cells at all time periods. (Fig 4b). IL-1β expression in response
to LPS stimulation was found to be significantly 2 to 3-fold up-regulated than unstimulated cells till 24h.

To further ensure that the release of TNF-α in response to Rv2615c protein stimulation was mediated by
TLR4; we evaluated the expression of TNF-α after blocking the expression of TLR4. There was a 2-fold
decrease in TNF-α release in response to Rv2615c and control stimulated THP-1 macrophages when blocked
with Anti-TLR4 antibody prior to stimulation (Fig 4c).

Φιγυρε 4. ῝ψτοκινε ΕΛΙΣΑ το δετερμινε τηε λεvελς οφ προ-ινφλαμματορψ ςψτοκινεσ-

ΤΝΦ-α ανδ ΙΛ-1β
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THP-1 macrophages were unstimulated or stimulated with LPS/Rv2615c protein and for 16h, 24h and 48h
were analysed for release of a) TNF-α and b) IL-1β in cell culture supernatants c) TNF-α release was also
estimated in supernatant blocked with Anti-TLR4 antibody prior to stimulation. ELISA was done according
to manufacturer’s instructions. Graphs were plotted for different time points with cytokine release in pg/ml
on y axis, controls, and the protein Rv2615c on the x axis. The findings of the statistical analysis, which
used the Student’s t test, are shown as Mean ± SEM for three separate experiments where * represents
comparison with unstimulated cells and *P<0.05, **P<0.01, ***P<0.001.

2.4 Rv2615c has CARD-like domain similar to CARD domains in APAF1 and Caspase9

In-silico clues pointed the similarity of Rv2615c protein with apoptosome complex and prediction of mole-
cular function in activation of cysteine-type endopeptidase/Caspases during apoptosis. In-vitro studies sub-
stantiated the role of Rv2615c protein in inducing Caspase-mediated host macrophage apoptosis. APAF1-
Apoptosome complex initiates the activation of Caspase9 and active Caspase9 is recruited via its CARD
domain onto the CARD domain of APAF1. Our findings of Rv2615c led us to hypothesize- whether Rv2615c
possess a CARD-like domain similar to CARD domains present in APAF1 and Caspase9 that facilitates
interaction and activation of cysteine type endo-peptidase activity of Caspase9. Multiple sequence alignment
of Rv2615c protein with CARD domains of APAF1 and Caspase9 revealed many conserved and highly simi-
lar amino acid residues (Fig 5b and 5c). CARD domains of both APAF1 and Caspase9 are known to contain
some highly conserved mostly hydrophobic and crucial residues through which protein-protein interactions
occur (Fig 5a). We observed 14 crucial residues of APAF1-CARD and 9 crucial residues of Caspase9-CARD
either totally conserved or highly similar in Rv2615c protein positioned from 60 to 230 amino acids which
we denoted as CARD-like domain (Fig 5b, 5c and S4a). Interestingly, the MINNOU server predicted that
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the CARD-like domain in Rv2615c is mostly hydrophobic in nature similar to the CARD domains of APAF1
and Caspase9 (Fig S4b). The secondary structure characterization reveals that the CARD-like domain in
Rv2615c contains highly disordered random coiled region and fewer alpha-helixes (Fig S4b). Structural su-
perimposition showed helical region of CARD-like domain in Rv2615c mostly aligned with CARD-APAF1
and CARD-Caspase9 (Fig S5). Coiled regions are highly flexible and unstable which facilitate dynamic
protein-protein interactions.

Figure 5. Multiple sequence alignment of CARD domains
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Multiple sequence alignment of 8(a) CARD-APAF1 and CARD-Caspase9 8(b) Rv2615c and CARD-Caspase9
8(c) Rv2615c and CARD-APAF1. All the crucial conserved or similar residues are denoted by asterisk (*).
The common Leucine116 and Isoleucine117 residues in Rv2615c protein which were mutated to Alanine are
denoted by red arrow.

2.4.1 CARD-like domain of Rv2615c has strong binding affinity for CARD domains of APAF1
and Caspase9

Docking studies with whole Rv2615c protein revealed that its CARD-like domain could bind strongly with
CARD-APAF1 (Hex energy score: -655.54 Kcal/mol) and with CARD-Caspase9 (Hex energy score: -694.29
Kcal/mol) (Fig 6). Rv2615c formed 25 bonds (3 electrostatic, 7 hydrogen and 15 hydrophobic bonds) with
CARD-APAF1 while 24 bonds (6 electrostatic, 6 hydrogen and 12 hydrophobic bonds) with CARD-Caspase9
through its CARD-like domain (Fig S6). These Hex energy scores were much higher than the Hex scores
of positive controls included in the study i.e., complex of CARD-APAF1 with CARD-Caspase9 (PDB ID
3YGS- Hex score: -463.25 Kcal/mol) (Fig 6). However, Hex score for Rv2615c docked with APAF1-ADP
was very less (-110.48 Kcal/mol) compared to the positive control. This could possibly be because of low
affinity of Rv2615c for inactive form of APAF1 protein that is not bound to Apoptosome complex.

We observed two crucial adjacent hydrophobic residues i.e., Leucine-116 and Isoleucine-117 in CARD-like
domain of Rv2615c which were common, totally conserved or similar and aligned with conserved residues
of CARD-APAF1 (Methionine-29 and Isoleucine-30) and CARD-Caspase9 (Leucine-58 and Isoleucine-59).
These residues (Leucine-116 and Isoleucine-117) within Rv2615c were also involved in bond formation with
CARD-APAF1 and CARD-Caspase9 (Fig S6). Mutant of Rv2615c in which Leucine-116 and Isoleucine-117
within the CARD-like domain were mutated to Alanine was less stable. The binding affinity of this mutant
Rv2615c with CARD-APAF1 and with CARD-Caspase9 was also decreased. Mutant Rv2615c protein bound
to APAF1 CARD with energy score of 594.43 Kcal/mol and with Caspase9 CARD with energy score of -
646.87 Kcal/mol.

2.1.4 Validation of docking results through MD simulation

The RMSD and RMSF plots obtained after the extensive (100 ns) MD simulation confirmed the struc-
tural stability of the protein-protein complexes (Fig 7). The RMSD value of backbone for all the com-
plexes increased for initial 10 to 20ns following which it became stable with an average value of 1nm to
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1.2nm for Rv2615c-APAF1 CARD and Rv2615c-Caspase9 CARD till 100ns. The RMSD value for mutant
Rv2615c-APAF1 CARD was comparable to that of Rv2615c- APAF1 CARD while the RMSD value of mutant
Rv2615c-Caspase9 CARD was higher in the range of 1.4nm. The average RMSD value of control structure
was 0.70nm. RMSF analysis revealed that the docked complexes of Rv2615c protein with APAF1-CARD
and Caspase9-CARD and mutant Rv2615c with Caspase9-CARD displayed average RMSF value of 0.80nm.
Mutant Rv2615c with APAF1-CARD showed high fluctuations with average RMSF value in range of 1.20nm.
The average RMSF value of control structure was 0.30nm. Overall, MD simulation results revealed that the
docked complexes of Rv2615c showed a comparatively higher RMSD and RMSF value than control structure
(APAF1-CARD with Caspase9-CARD) but all values are in acceptable range. One reason for this higher
RMSD and RMSF values of Rv2615c docked structures could be large size of Rv2615c protein (461 residues)
in comparison to the APAF1-CARD (95 residues) and Caspase9-CARD structures (97 residues).

Figure 6. Molecular docking of Rv2615c protein with CARD domains of APAF1 and Caspase9

Rv2615c protein (pink color) showed high affinity for CARD domain of both APAF1 (orange color) and
Caspase9 (blue color) and establishes interaction via its CARD-like domain. The binding affinity of Rv2615c
for CARD domain of both APAF1 and Caspase9 was much higher than the positive control included in the
study involving interaction of APAF1 CARD and Caspase9 CARD. However, Rv2615c showed low binding
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affinity for inactive form of APAF1 ADP implicating its preference for active APAF1 Apoptosome complex.

Figure 7. MD Simulation of docked structures

MD simulations for 100 ns was performed for Rv2615c protein docked with APAF1 CARD, Caspase9 CARD
and mutant Rv2615c protein docked with APAF1 CARD, Caspase9 CARD. Docked complex of APAF1
CARD and Caspase9 CARD was included as positive (a) Root mean square deviation for complex backbone
with x axis denoting time in ns and y axis denoting RMSD in nm (b) and (c) Root mean square fluctuation
of backbone for control (APAF1 CARD and Caspase9 CARD) and other complexes with x axis denoting
atom index of complex and y axis denoting RMSF in nm.

3. DISCUSSION

Mtb is one of the most successful pathogens that has evolved since decades to be able to evade the host
mediated immune responses. Virulent Mtb possess the recently evolved PE PGRS subfamily proteins which
have been reported to be crucial in pathogenesis and immuno-modulation (Brennan, 2017). However, the
specific function of only some of these PE PGRS proteins have been investigated in Mtb pathogenesis.

One uncharacterized protein of the PE family is Rv2615c protein which has been reported to be upregu-
lated during dormant TB infection. This study was conceived to investigate the possible role of PE PGRS45
(Rv2615c) in host cell death and immune response modulation. I-TASSER based homology mapping showed
similarity between Rv2615c and APAF1-Apoptosome complex. Additionally, functional and molecular Gene
Ontology predictions showed possible role of Rv2615c protein in host cell death pathways particularly pin-
pointing its role in apoptosis and cysteine type endo-peptidase activation. To experimentally evaluate the role
of this protein in host macrophage apoptosis, in-vitroexperiments were performed with recombinant Rv2615c
protein. Our results established that the Rv2615c protein reduces cell viability and induces apoptotic cell
death in THP-1 macrophages as analysed through MTT and CellTiter Blue assay, Annexin V-FITC/PI
staining and TUNEL assay. About 12 PE PGRS proteins are known to be expressed at late stage (at 90
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days in guinea pig lungs upon Mtb infection) and some of them like PE PGRS5 and PE PGRS17 are re-
ported to induce host cell death (Kruh et al. , 2010), (Chen et al. , 2013)(Grover et al. , 2018) (Medha,
Sharma and Sharma, 2021). PE PGRS33, one of the first extensively studied protein of this subfamily is
also a potent Caspase-mediated apoptotic inducer of infected macrophages, although the time of its expres-
sion is unknown (Basu et al. , 2007). Because Rv2615c has been documented to be upregulated during
dormant Mtb infection, it may also be a late stage expressing protein of Mtb which induces host macrophage
apoptosis (Urán Landaburu et al. , 2020).In-silico analysis predicted Rv2615c to be involved in the acti-
vation of cysteine type endo-peptidase and it was observed that recombinant Rv2615c protein activated
initiator Caspase9 and executioner Caspases 3 and 7 in THP-1 macrophages. Inhibitor studies with Caspase
inhibitor led to decrease in apoptosis of THP-1 macrophages which implicates that apoptosis induced by
our protein is Caspase mediated. Our results corroborates with the study of Augenstreich et al.,where the
Mtb-induced apoptosis was blocked by Caspase inhibitors (Augenstreich et al. , 2017). During chronic TB
infection, pathogen employs battery of proteins that can facilitate its survival and spread in host. Based on
our observations, we propose that Rv2615c is one protein that is expressed to induce macrophage apoptosis
within the granulomatous lesion and help Mtb in expanding its niche.

The Pathogen Associated Molecular Patterns (PAMPs) within Mtb interact with host TLRs activate macro-
phages and modulate various cell processes such as apoptosis, induction of oxidative stress, antigen presenta-
tion etc,.(Bansal et al. , 2010; Grover et al. , 2018; Liuet al. , 2020). Our in-silico results revealed preferential
binding of Rv2615c to TLR4 as compared to TLR2. It was observed that stimulation with Rv2615c led to
an increase in expression of TLR4, adapter molecule MyD88 and NF-B in THP-1 macrophages. Although
PE PGRS proteins such as PE PGRS17 and PE PGRS33 are shown to induce host cell apoptosis via TLR2
dependent pathway (Basu et al. , 2007; Chenet al. , 2013); our observation of Rv2615c’s interaction with
TLR4 gets support from the recent studies where PE/PPE proteins such as PE PGRS5, PE6 and PE9-PE10
protein complex were found to induce apoptosis via TLR4-mediated signalling (Tiwari, Ramakrishnan and
Raghunand, 2015; Grover et al. , 2018; Sharma et al. , 2021; Medha, Priyanka, et al. , 2022). Both TLR2
and TLR4 are key regulators in inducing apoptosis of Mtb infected macrophages. Signalling via TLR4 is
crucial for maintaining balance between apoptosis and necrosis in Mtb infected macrophages (Sánchez et
al. , 2010). A PE/PPE family protein- PE13 functions by engagement of TLR4 mediated up-regulation
of NF-B and implicated in modulation of the macrophage activation and apoptosis (Li et al. , 2016).
The Toll/Interleukin-1 Receptor Homology (TIR) Domains mediate the intracellular TLR associated signal
transduction. TIR domain-activated signalling induces the recruitment of other adaptor molecules such as
MyD88, which in turn triggers the activation of downstream effectors NF-B (Horng et al. , 2002; Yamamoto
et al. , 2002). Activation of TLR4-MyD88-NF-B cascade is also responsible for production of proinflam-
matory cytokines TNF-α and IL-1β (Yamamotoet al. , 2002; Amaral and Andrade, 2017). In our study,
levels of soluble TNF-α were observed to be up-regulated in Rv2615c-stimulated macrophages whereas no
significant release of IL-1β was observed. As a key pro-inflammatory cytokine, TNF- also plays a significant
role in the development and maintenance of lung granulomas in advanced stages of infection (Dorhoi and
Kaufmann, 2014). Activation of TLR4-MyD88-NF-B signalling and increased levels of pro-inflammatory cy-
tokines are prerequisite for activation of macrophages (Saraav et al. , 2017). To keep the macrophages active
and conducive for Mtb proliferation, bacilli modulates an endogenous host mechanism for the resolution of
exacerbated inflammation (Próchnicki and Latz, 2017). IL-1β is a mediator of inflammasome activation and
plethora of studies have reported its heterogenous regulation (Mishra et al. , 2010; Hackett et al. , 2020).
The transcriptional regulation of IL-1β is not only limited to TLR4-NFκB axis but is also controlled by
macrophage immune-metabolic responses (Gleeson et al. , 2016). Recent findings established that persis-
tent Mtb infection of macrophages was associated with suppression of glycolysis and reduced production of
IL-1β, despite upregulated TNF-α levels (Próchnicki and Latz, 2017). Therefore, our observation of selective
pro-inflammatory cytokine secretion of only TNF-α in response to Rv2615c indicates its role as modulator
of macrophage functions to ensure bacilli survival and multiplication.

Although few PE/PPE proteins such as PE PGRS47 are known to down-regulate antigen presenting HLA-
DR molecules (Saini et al. , 2016); we observed stimulation of macrophages with Rv2615c led to an increase in
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HLA-DR expression. Inhibitor studies with anti-TLR4 blocking antibody showed down-regulation in HLA-
DR and TNF-α expression which suggests that the macrophage activation in response to Rv2615c could
be TLR4 mediated. Observations of selective release of pro-inflammatory cytokine TNF-α, macrophage
activation and induction of macrophage apoptosis in response to Rv2615c indicate that this protein has role
in maintenance of the granuloma, dissemination and persistence of Mtb (Fig 8).

Since, we observed that Rv2615c shares homology with APAF1-Apoptosome which is a multimeric protein
adaptor complex responsible for activation of initiator Caspase9, sequence scan of Rv2615c was done which
discovered the presence of CARD-like domain similar to CARD of eukaryotic APAF1 and Caspase9. Inter-
action between APAF1-CARD and Caspase9-CARD is indispensable for Caspase9 activation (Hu et al. ,
2014). This shows that Rv2615c could bind Caspase9 and APAF1 through its eukaryote-like CARD domain
and may enhance Caspase9 activation. We found two adjacently placed critical residues (Leu116 and Ile117)
in the CARD-like domain of Rv2615c which are conserved or highly similar and aligned with the conserved
residues of APAF1-CARD and Caspase9-CARD domain. Molecular docking and simulation studies con-
firmed that the mutation and deletion of these two residues decreased the stability of Rv2615c protein and
its affinity for CARD domain of APAF1 and Caspase9. Pathogenic microorganisms have rapidly acquired
mechanisms to escape the host surveillance system through co-evolution with host cells. They harbour
proteins which can imitate the eukaryotic proteins in terms of sequence, homology, function or possessing
a short linear motif (SLiMs) or domains- a mechanism termed as ‘molecular mimicry’. Many intracellular
bacterial pathogens demonstrate remarkable example of molecular mimicry such as Legionella, Coxiella,
Mycobacterium, Helicobacter, Chlamydia, and Bacillus which have been reported to contain eukaryote-like
proteins with prominent role in infection (Chmiela and Gonciarz, 2017) (Sonia et al. , 2021). Therefore, our
results suggest that Rv2615c protein could be a molecular mimic of CARD domain of APAF-1 and Caspase9
orchestrating apoptotic cell death. Furthermore, the significance of this CARD-like domain in Rv2615c needs
to be validated further through site directed mutagenesis studies.

In conclusion, activation of TLR4-MyD88-NF-B-TNF-α signalling cascade, up-regulation of HLA-DR
molecules and apoptotic cell death of macrophages induced by Rv2615c implicate that this protein has
potential to evoke moderate host immune response to recruit immune cells at the site of granuloma and
facilitates pathogen persistence by cell to cell spread via apoptosis (Fig 8). The strategy of molecular
mimicry adopted by Rv2615c protein of Mtb enhances our understanding of Mtb pathogenesis and needs
to be explored experimentally. Further investigations focused on Rv2615c may help in development of new
TB therapeutics. Especially the use of inhibitors of apoptosis in dormant stages of TB infection could be a
novel approach to prevent the spread of Mtb to new sites within host.

21



P
os

te
d

on
26

J
an

20
23

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
67

47
21

89
.9

90
45

39
0/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 8. Schematic representation of immuno-modulatory role played by Rv2615c

Rv2615c can interact and activate the host immune receptor TLR4 leading to activation of downstream
effectors such as MyD88, NF-B and TNF-α along with up-regulation of antigen presenting molecules HLA-
DR. By possessing a eukaryotic CARD-like domain, Rv2615c could activate the initiator Caspase9 activity
and formation of apoptosome complex which further activates executioner Caspase 3 and 7 and induces
apoptosis. These observations implicate that Rv2615c could be a late stage expressing protein of Mtb
facilitating cell-to spread of infection, activation and recruitment of immune cells at granuloma site and
ultimately pathogen persistence.

4. Materials and Methods:

4.1 In-silico characterization of Rv2615c

4.1.1 Homology modelling and structure-based functional prediction of Rv2615c protein

The sequence of Rv2615c protein was retrieved from Mycobrowser and subjected to various servers for
structure and function-based predictions. Antigenicity of Rv2615c was estimated in Vaxijen 2.0 server with
a set threshold default value of 0.4 (Doytchinova and Flower, 2007).

The secondary structure and the structure-based function of Rv2615c protein was predicted using I-TASSER
(Iterative Threading ASSEmbly Refinement) server. Structural analogs, Gene ontology (GO) template
analogs and consensus GO terms for biological process and molecular functions were predicted (Roy, Ku-
cukural and Zhang, 2010). Five homology-based models were predicted for Rv2615c. Chiron server was used
for energy minimization of models (Ramachandran et al. , 2011). The output models were validated for their
stereo-chemical quality through PROCHECK, VERIFY3D and ERRAT server (Lüthy, Bowie and Eisenberg,
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1992; Laskowski et al. , 1996). PROCHECK confirms the quality of protein structure by Ramachandran plot
where <5 residues in the disallowed region are considered to constitute a good structure. The best model of
protein structure was selected with fewer residues in disallowed region of Ramachandran plot, high score in
VERIFY3D and ERRAT.

4.2 In vitro assessment of Rv2615c potential for inducing apoptosis

4.2.1 Cloning, expression and purification of recombinant Rv2615c protein

Cloning, expression and purification of Rv2615c protein was performed as described in Medha et al ., (Medha,
Joshi, et al. , 2022) (Medha, Priyanka, et al. , 2022).

Briefly, the Rv2615c gene was directly cloned in the pGEM-T Easy vector and its successful sequencing
was verified. The full-length gene was then sub-cloned using BamHI and HindIII restriction enzymes in the
expression vector pET-28a (+) in frame with a 6x histidine tag at the N-terminus. The target gene containing
recombinant plasmid was introduced into Escherichia coli (E. coli) BL21 DE3 for protein over-expression
after being induced with 1mM IPTG and maintained at 37° 250 rpm for a couple of hours, then at 20°
overnight. Culture was pelleted and re-suspended in 20-30 ml of 1XPBS+1mM PMSF followed by sonication
(duty cycle 30; 5-6 cycles). Pellet was washed step wise with 10 ml 2%, 1% TritonX in PBS followed by 10ml
1X PBS and finally dissolved in Buffer (50mM NaH2PO4, 300 mMNacl, 8M Urea) and kept for binding at 4°
with Ni-NTA matrix in column. Column was washed thrice with 1X cold PBS and wash fractions collected.
Elution was performed with different gradients of immidazole. Elution buffer constituents: 50mM NaH2PO4,
300mM Nacl, 10mM TrisCl, 1mM PMSF, 10% glycerol, βMe, 8mM urea. SDS-PAGE was used to analyse
the recombinant protein’s purity, which was then validated by Coomassie Blue staining and immuno-blotting
using anti-His antibodies. To remove immidazole and urea, purified protein was dialyzed against 1XPBS
and decreasing urea concentrations. Purified recombinant proteins were then incubated for 1 h at 4°C
with polymyxinB-agarose beads to remove endotoxin contamination. Limulus Amoebocyte Lysate (LAL)
assay was performed using Peirce LAL assay kit following manufacturer’s instructions to ensure negligible
endotoxin levels in the purified protein (Pierce LAL Chromogenic Endotoxin Quantitation Kit, Cat no.
88282). The BCA protein assay was used to determine the protein content. Up to usage, the purified protein
was kept in tiny aliquots at 80 °C.

4.2.2 Human Cell Culture: THP-1 cells stimulation with recombinant Rv2615c protein

In tissue culture plates, the human monocytic cell line THP-1 (NCCS, Pune) was cultured (1X105cells/ml
cells per ml) in RPMI 1640, 10% foetal calf serum and an antibiotic cocktail that included penicillin (10,000
units/ml) and streptomycin (10,000 g/ml). For the purpose of differentiating the monocytic cells into ma-
crophages, 40ng/ml Phorbol-Myristate Acetate (PMA; Sigma) was added to the monocytic cells and left
overnight.

4.2.2 (a) Detection of Cell Viability Using MTT and Cell Titer blue

For dose dependent viability assessment, cells were stimulated with different concentration (5μg, 10μg, 15μg)
of purified Rv2615c protein for 24h. For checking the viability in time dependent manner, unstimulated cells
and cells stimulated with (10μg/ml) Rv2615c/(40ng/ml) LPS/(2μM) Staurosporine were incubated for 16h,
24h and 48h. Staurosporine is an alkaloid derivative from the bacterium Streptomyces staurosporeus which
has been extensively been used as an inducer of apoptosis because it inhibits many different kinases.

Cells were exposed to either CellTiter Blue Reagent (20 mL/well) or MTT (5 mg/ml) and incubated for 4
hours at 37 °C and 5% CO2. Tetrazolium rings can be transformed into purple, insoluble formazan crystals
by active dehydrogenases found in live cells. The crystals were dissolved in 100 μL of DMSO and the overall
activity of bio-reductase enzyme was measured spectrophotometrically at (570-690) nm. The CellTiter-Blue
Reagent constitutes of resazurin in a buffer solution. Resorufin (dark pink), which is extremely fluorescent
and whose absorbance may be measured spectrophotometrically at (570–600) nm, can be reduced from
resazurin (dark blue) by viable cells. The percentage of cell viability was calculated using the acquired
absorbance values. Cells cultured in medium alone were thought to be completely viable.
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4.2.2 (b) Lactate Dehydrogenase (LDH) release assay to identify cell cytotoxicity

Lactate dehydrogenase is a cytosolic enzyme which is released into the cell culture media with plasma
membrane damage which can be measured. Levels of LDH released in the media are an indicator whether
the cells are undergoing necrosis. High levels of LDH in the media are proportional to cell death via necrosis.
Plates with unstimulated cells and Rv2615c or control (LPS/Staurosporine) stimulated cells were centrifuged
and 20μl of media from each well and 20μl reaction buffer were added to fresh wells. Plates were incubated
for 30 min at room temperature following addition of 20μl stop solution. Absorbance reading was recorded
at 490nm.

4.2.2 (c) Detection of Phosphatidyl-serine Exposure by Annexin V-FITC Staining

Phosphatidylserine exposure, an early step of apoptosis induction in protein-stimulated THP-1 macrophages
was estimated by Annexin V-FITC apoptosis detection kit (Thermo Scientific). Unstimulated and cells
stimulated with Rv2615c and controls- (LPS/Staurosporine) were stained with AnnexinV-FITC and Pro-
pidium Iodide (PI) following manufacturer’s protocol and analysed using flow cytometer (BD AccuriC6).
Following stimulation time points of 16h, 24h and 48h; macrophages were collected after cold PBS washing
and detached by scraping. After washing twice, the cells were re-suspended in binding buffer. An aliquot of
200 μl was mixed with 5 μl of Annexin V-FITC and 5 μl of PI. The mixture was incubated for 10 min at
room temperature in the dark. Finally, the cells were analysed by flow cytometry.

4.2.2 (d) DNA Fragmentation analysis by TUNEL Assay

Unstimulated and cells stimulated with Rv2615c or controls- (LPS/Staurosporine) were incubated for dif-
ferent time points. Harvested cells were fixed in 1% paraformaldehyde and incubated for 60 minutes on
ice. Fixed cells were washed first with ice-cold PBS followed by 70% ethanol and initially incubated for 30
minutes on ice and later on stored at -20 °C for 18h. Finally, for labelling DNA breaks to detect apoptosis;
according to the manufacturer’s instructions, cells were stained with the APO-Direct kit (BD Pharmingen)
and analysed using the BD accuri C6 flow cytometer. Briefly, Cells were stained in reaction buffer constituting
of Terminal de-oxynucleotidyltransferase (TdT) enzyme and fluoresceinated-dUTP (FITC-dUTP).

4.2.2 (e) Detection of activated initiator Caspase9

Total protein was extracted after 24 hours of protein stimulation by lysing THP-1 macrophages using RIPA
lysis buffer and a protease inhibitor cocktail (Santa Cruz Biotechnology Ltd.). Equal concentrations of samp-
les were analysed through SDS-PAGE before being transferred onto nitrocellulose membrane. The total pro-
tein content of the entire cell lysate was measured. Primary polyclonal antibody to Caspase9 (PAA627Hu03,
Cloud-Clone Corp.), as well as GAPDH (Thermo Scientific) as an internal control, were incubated overnight
in membranes after blocking for 1h in 5% skimmed milk dissolved in Tris-buffered saline with Tween 20
(TBST) buffer. Membranes were washed in TBST solution before being incubated for 1 hour with a se-
condary antibody that has been HRP-conjugated. To create the blot, an ECL Chemiluminescence Kit was
employed (Thermo Scientific). Using ImageJ software, Western Blotting pictures were also quantified. Each
sample’s developed band area was examined, and graphs were drawn as a ratio to the Unstimulated sample.

4.2.2 (f) Detection of activated Caspases 3 and 7

For detection of activation of Caspase 3 and 7 which is a distinctive feature of early stages of apoptosis,
CellEvent Caspase-3/7 Green Flow Cytometry Assay kit (Invitrogen) was used. Following incubation, un-
stimulated cells and cells stimulated with either Rv2615c or controls- (LPS/Staurosporine) were harvested
and 500nM cell event Caspase 3/7 reagent was added to 1ml cell suspension in 1xPBS. Cells were incubated
for 30 mins at 37°C. During final 5 mins of staining, 1μM SYTOX dead cell stain was added and samples
were analysed in BD accuri C6 flow cytometer.

To confirm the observed apoptosis in response to Rv2615c to be Caspase dependent, Caspase inhibition
studies were done. For inhibition study, cells were incubated with 20μM total Caspase inhibitor (Z-VAD-
fmk; Promega) for 1 h, followed by treatment with respective test protein/controls and incubated for 24 h.
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Percentage of Caspase 3 and 7 activation and percentage of AnnexinV and AnnexinV/PI dual positive cell
population were analysed using flow cytometry.

4.3. Role of Rv2615c in immune response modulation via expression of TLR, HLA-DR and
downstream effector molecules

4.3 (a) Predicting the identity of the TLR involved in Rv2615c interaction

The human TLR4 (PDB ID 3FXI) and TLR2 (PDB ID: 2Z7X) protein structures were obtained from the
RCSB protein data bank. Rv2615c interactions with TLR4 and TLR2 were compared using HADDOCK
2.2 web server (van Zundertet al. , 2016). The active sites within the TLR and Rv2615c molecules were
predicted using CastP server (Tian et al. , 2018). Site directed docking was performed and docked complex
were evaluated on the basis of Z scores.

4.3 (b) Expression profile of TLRs and HLA-DR in response to Rv2615c

The expression profile of TLR2 and TLR4 was evaluated through flow cytometry following 24h stimulation
of THP-1 macrophages with the 10μg/ml Rv2615c protein. The controls included were TLR4 agonist- LPS
(40ng/ml) and TLR2 agonist- Cell Wall Fraction of H37Rv (CWF) (5μg/ml) (BEI Resources) (Manček-
Keber and Jerala, 2015). Following incubation, cells were harvested and washed in PBS and stained with
APC labelled anti-human TLR2 (CD282) antibody (Thermo Scientific) or APC labelled anti-human TLR4
(CD284) antibody (Thermo Scientific) and PE labelled anti-human HLA-DR antibody (Thermo Scientific).
Cells were analysed in BD Accuri C6 flow Cytometer. Results were analysed on the basis of percentage of
positively stained cells.

For inhibitor assay, 1h prior to stimulation; cells were blocked with Anti-TLR4 monoclonal antibody (Thermo
Scientific) and analysed for expression of TLR4 and HLA-DR after 24h using flow cytometry.

4.3 (c) Expression profile of downstream effectors- MyD88 and NF-B using RT-PCR

mRNA was isolated from unstimulated and either Rv2615c (10μg/ml) or LPS (40ng/ml) stimulated THP-1
macrophages after 16h, 24h and 48h using mRNA synthesis kit (Promega Corporation) as per manufac-
tures’ protocol. 1μg of mRNA was converted to cDNA (Promega Corporation) using cDNA synthesis kit.
mRNA and cDNA were checked by setting up PCR of endogenous control i.e., housekeeping gene GAPDH.
Quantitative real time PCR for downstream effector genes- MyD88 and NF-B was performed by relative
quantification in which the target concentration is expressed as ratio of target vs. reference gene (house-
keeping gene GAPDH). The expression of MyD88 was evaluated following 24h of protein stimulation and
the expression of NF-B was evaluated following 24h and 48h of protein stimulation. The primers used were
Forward Primer 5’ ATG GCT TCT ATG AGG CTG AG 3’ and Reverse Primer 5’ GTT GTTGTT GGT
CTG GAT GC 3’. Equal concentration of cDNA for each sample was added to SYBR PCR master mix
along with respective gene primers. 40 cycles of amplification followed by data acquisition and analysis was
done. Data was calculated using the 2-[?][?] CT method and are presented as fold induction. Fold change
was normalized to GAPDH expression levels. Experiments were repeated thrice.

4.3 (d) Study of pro-inflammatory cytokine profile in response to Rv2615c

THP-1 macrophages were left unstimulated or stimulated with 10ug/ml of Rv2615c or control- LPS [40ng/ml]
for 16h, 24h and 48h were analysed for secretion of TNFα (Thermo Scientific) and IL-1β (Biolegend) in cell
culture supernatants. ELISA was done according to manufacturer’s instructions.

ELISA was also performed for estimation of TNFα and IL-1β in supernatants blocked with Anti-TLR4
monoclonal antibody prior to stimulation with Rv2615c/controls till 24 h.

Statistical analysis

All the experiments were performed in triplicates. The results of all the experimental data are presented
as Mean±SEM. GraphPad Prism version 5.02 was used to do statistical comparisons employing Student’s
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t-test (San Diego, CA, USA). Mean differences were analysed and * was used to represent the comparison
with unstimulated control. Differences were considered significant at *P<0.05, **P<0.01, ***P<0.001.

4.4 Sequence scanning of Rv2615c protein

Predictions of I-TASSER strongly suggested the similarity of Rv2615c with APAF1-apoptosome structure
involved in Caspase activation and cell death pathways followed by in-vitro experiments which further con-
firmed the apoptogenic role played by Rv2615c protein. It is reported that the APAF1-apoptosome activates
the Caspase9 via CARD-CARD interaction between APAF1-Caspase9. Therefore, multiple sequence ali-
gnment of Rv2615c was performed with CARD-APAF1 and CARD-Caspase9. The alignment was checked
for various conserved and similar residues. Secondary structure of predicted CARD-like domain in Rv2615c
was analysed with MINNOU server (Cao et al. , 2006). Structural superimposition of predicted CARD-like
domain in Rv2615c with CARD-APAF1 and CARD-Caspase9 was carried out in Pymol software.

4.4.1 Evaluating the binding affinity of CARD-like domain of Rv2615c with CARD-APAF1
and CARD-Caspase9

Molecular docking of Rv2615c protein was performed to estimate the binding affinity of CARD-like domain
of Rv2615c with CARD-APAF1 and CARD-Caspase9 using PatchDock server (Schneidman-Duhovny et al.
, 2005). Top ten docked structures were further refined in FireDock server (Mashiach et al. , 2008). The best
model was evaluated based on number of bonds formed and the energy score generated in HEX 8.0.0. Visua-
lization was done in Discovery studio Visualizer 4.1 (Accelyrs Inc., USA). The complex of CARD-APAF1
with CARD-Caspase9 (PDB ID: 3YGS) was included as positive control and the inactivated independent
APAF-ADP complex (PDB ID: 1Z6T) was included as negative control in the study.

We observed Leucine-116 and Isoleucine-117 were two common residues within CARD-like domain of Rv2615c
which aligned with conserved residues Methionine-29 and Isoleucine-30 of CARD-APAF1 and Leucine-58 and
Isoleucine-59 of CARD-Caspase9. Therefore, site directed mutation was incorporated changing Leucine-116
and Isoleucine-117 to the most preferred Alanine substitution in CARD-like domain of Rv2615c and the
mutant structure was checked for its stability using I-Mutant 2.0 server (Capriotti, Fariselli and Casadio,
2005). Furthermore, binding affinity of this mutant Rv2615c protein with CARD-APAF1 and with CARD-
Caspase9 was evaluated through docking studies as described previously.

4.4.2 MD simulation of docked complexes

MD simulation for 100 nanoseconds (ns) using Gromacs software 2020.5 was performed to evaluate the
stability of docked complexes of whole Rv2615c protein with CARD-APAF1 and CARD-Caspase9 separately
and mutant Rv2615c with CARD-APAF1 and CARD-Caspase9 separately. The docked structure of APAF1-
CARD and Caspase9-CARD (PDB ID: 3YGS) was included as positive control in the simulation studies.
The docked complex was solvated by TIP3P [transferable intermolecular potential with 3 points] water
model using CHARMM36 force field. The final MD simulation run was performed at 300K temperature and
standard pressure of 1.01 bar using NPT (number of particle [N], system pressure [P] and temperature [T])
and NVT (number of particle [N], system volume [V] and temperature [T]) ensemble. Backbone Root Mean
Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF) of the entire complex was calculated
and plotted.
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