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Abstract

Study of type 1/type 2 apoptotic cell death activation elucidates ways to rapid and selective elimination 
of malignant cells. Optimal activation kinetics in cancer cell apoptosis could change the tumor micro-
environment in such a manner that malignant and immunosuppressive in vivo phenotype is no longer 
sustained, which may alleviate the problem of acquired resistance generation in response to therapy. In 
this context, recent advances in medicinal chemistry, ligand engineering, immunotherapy, naturopathy 
and genetic/epigenetic targeting provide unprecedented opportunities to develop cancer-type-specific 
or patient-specific cancer treatment. Computational approaches could be utilized to find such precise 
strategies in cancer therapy.

Subhadip Raychaudhuri*
School of Computing and Technology, Institute of Advanced Research, Gandhinagar, India.

Introduction

Targeting type 1/type 2 apoptosis pathways in cancer therapy

Cancer therapies could be designed to activate the cell death 
pathways selectively in cancer cells. In many cases, rapid activa-
tion of death pathways may improve treatment outcomes. For 
apoptotic cell death, at least one pathway (type 1/type 2/type 2 
assisted type 1 etc.) could be rapidly and selectively activated in 
cancer cells. Type 1 apoptotic pathway dominates when strong 
membrane proximal activation of initiator caspases (commonly 
caspase 8) directly activates effector caspases (such as caspase 
3/7) in a rapid manner. In the case of type 2 apoptosis, weak cas-
pase 8 activation or stress-induced apoptotic priming induces a 
series of steps involving active Bax/Bak oligomerization, mito-
chondrial pore formation, apoptosome formation and activation 
of caspase 9 that finally activates effector caspases [1]. Mitochon-
drial apoptotic pathway regulates cellular lifespan for maintaining 
tissue homeostasis and also gets activated under stress condi-
tions presumably in a dose dependent manner. Under strong and 
sustained stress, this type 2 pathway could be heavily sensitized 
towards strong and rapid apoptosis induction. Conventional che-

mo/radiotherapies and targeted therapies mostly activate the 
mitochondrial cell death pathway (type 2 apoptosis) in cancer 
cells. Cytotoxic CD8 T cells could induce robust type 2 apoptosis 
in cancer cells as CD8 T cell secreted human granzyme B truncates 
Bid to its more active form tBid. CD8 T cell mediated type 2 apop-
tosis is targeted in anti-tumor immune response generated by 
cancer vaccines and immunotherapy strategies. Type 2 apoptotic 
pathway is also frequently activated during antibody mediated tu-
mor cell elimination (such as Antibody Dependent cell Dependent 
Cytotoxicity (ADCC) involving NK cells) [1]. Death ligand (such as 
TRAIL/Fas) induction may robustly activate type 1 or type 2 (or 
mixed phenotype) apoptosis and could also be considered as an 
immunotherapeutic strategy (immune cells such as T cells and NK 
cells express TRAIL). Thus induction of type 1 apoptosis activa-
tion in cancer cells remained a feasible option in particular when 
it becomes difficult to overcome resistance presented through 
the type 2 pathway. Various cellular and micro-environmental 
pathways, such as those that regulate survival/growth/prolifera-
tion, metabolism and energy production, immune response etc., 
are connected to the apoptotic pathways in cancer cells. Many of 
these pathways converge on the Bcl2 family mediated mitochon-
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drial apoptosis that is known to be activated by stress conditions 
such as DNA damage. Propagating further, cellular networks that 
directly induce changes in the apoptotic pathways are themselves 
connected to various other networks. For example, the gut micro-
biome is known to influence the immune response phenotypes 
including in cancer [2]. Several components of this extended 
network work in an aberrant manner due to genetic, epigenetic 
and signaling induced changes [3,4] thus making them suscep-
tible to targeting through therapeutic strategies. However, formu-
lating precision strategies for inducing robust apoptosis in cancer 
cells while minimizing the cytotoxicity for healthy cells seems 
challenging. Here, based on our recent computational investiga-
tions of single cell kinetics of cell death activation we explore ways 
to achieve rapid and selective type 1/type 2 (or mixed) apoptosis 
induction in the context of cancer precision therapy.

Apoptotic network priming and removal of apoptotic blocks 

Towards achieving the objective of rapid and selective apop-
tosis induction in cancer cells, we need to ensure that the targe-
ted apoptotic pathway is sufficiently sensitized and anti-apoptotic 
roadblocks are removed. Cancer cells are altered self-cells that 
are expected to be stressed due to genomic/epigenomic altera-
tions (genetic instability), aberrations in signaling such as strong 
and sustained growth/proliferation signaling (often involving p38/
Jun activation), competition with other cancer cells/clones within 
a tumor, and altered microenvironment of a tumor [3]. Conse-
quently, expression levels of molecules in the apoptotic stress 
response pathways such as death receptors and Bax/BH3 only 
proteins frequently increase, thus cancer cells often exhibit heigh-
tened sensitivity to apoptotic stress [5-9] (aptly called primed for 
death [7]. However, apoptotic sensitivity in cancer cells is some-
times weakened due to loss of tumor suppressor proteins (e.g. 
RB, p53) and aberrant signaling regulation [3,4]. Tumor suppres-
sors mediate the genetic program that counter malignant growth 
in cancer cells frequently through suppressing rapid growth/
proliferation and inducing apoptotic stress response. Apoptotic 
priming in cancer cells could be restored by chemo/radiotherapy, 
targeted drug therapy, gene therapy, epigenetic targeting and by 
application of natural extracts. Recent theoretical investigation in 
my laboratory has put forward a mechanism for distinctive cell 
death phenotype generation in healthy and cancer cells based on 
heightened apoptotic sensitivity of cancer cells, thus providing a 
basis for their rapid and selective elimination [10,11]. In spite of 
increased vulnerability to cell death in stressed malignant cells, 
over-expressed anti-apoptotic proteins frequently cause resis-
tance in cancer cell death activation. In many cancers, significant 
over-expression of anti-apoptotic proteins may allow tumor sub-
populations to survive chemotherapeutic treatments and contri-
bute to acquired resistance generation [12,13]. Targeting aberrant 
signaling through growth/survival/developmental pathways (that 
seem to sustain overexpression and/or PTMs of anti-apoptotic 
proteins as indicated by cancer genomics data Figure S1 [14-16] is 
a frequently utilized strategy in cancer therapy, which could work 
towards removing apoptotic blocks [17-19]. Mutation targeted 
therapies, such as drugs targeting cancer cells harboring EGFR, 
KRAS or BRAF mutations, found to be effective in some cancers 
[20-22]. Other options include targeting cytokine signaling pa-
thways [23], genetic targeting of anti-apoptotic proteins (through 
siRNA [24,25], miRNA [26] or oligonucleotide-based methods 
[27,28], and targeting epigenetic mechanisms [29]. Application of 

direct inhibitors of over-expressed anti-apoptotic proteins could 
be an effective strategy (for removing apoptotic roadblocks) that 
has recently been explored [25,30,31]. In cancer cells, loss of pri-
ming and/or increase in anti-apoptotic molecules could result in 
a slow and stochastic (exhibiting large single cell fluctuations) cell 
death phenotype [32,33]. Slow elimination of cancer cells could 
allow the Tumor Microenvironment (TME) to sustain an immuno-
suppressive, stressed and malignant phenotype. Increased time-
to-death may allow cancer cells to acquire additional genetic/
epigenetic changes. Sufficiently rapid elimination of cancer cells, 
in contrast, is expected to generate immunogenic signals due to 
release of DAMPs [34] and increased soluble antigens in TME 
[35,36]. As a consequence, cytokines such as IFNγ may induce im-
mune cell trafficking and activation (Figure S2) [14-16]. Studies of 
autoimmune and other disorders, such as T1DM and T2DM, may 
strengthen our understanding of immune response against tumor 
cells. We expect rapid apoptotic loss of tumor cells should help 
abolish malignant phenotype of the tumor microenvironment 
and boost further elimination of malignant cells (Figure 1). 

Combinatorial therapeutic strategies towards rapid type 1/
type 2 apoptosis induction in cancer cells

Combinatorial strategies that enhance/restore apoptotic sen-
sitivity of stressed cancer cells and/or reduce the levels of anti-
apoptotic proteins could be effective towards robust apoptotic 
elimination of cancer cells. In the previous section we mentioned 
various possible therapeutic approaches towards sensitizing apop-
totic pathways and for removing apoptotic blocks of anti-apopto-
tic proteins. However, protecting normal cells while achieving a 
high rate of cancer cell elimination poses additional challenges. 
Targeted therapies that inhibit tumor driving pathways are often 
strongly selective for cancer cells. In addition, targeted therapies 
could be designed to be synergistic to tumor immune response. 
Even though such targeted therapies sensitize cancer cells towards 
apoptosis they may still activate the cell death pathways in a slow 
and stochastic manner (due to loss of apoptotic sensitization and/
or increase in anti-apoptotic molecules through various pathways 
other than the one targeted). Since a large number of linked 
pathways influence the apoptotic death pathways and many of 
them also carry genetic/epigenetic aberrations (in cancer cells), 
it may become challenging to induce robust cancer cell apopto-
sis through targeted monotherapies (particularly for late-stage 
cancers). Presence of sub-populations having distinct genetic/
epigenetic identities in a heterogeneous tumor also poses simi-
lar challenges for monotherapy. As mentioned before, such slow 
elimination of cancer cells could help maintain malignant tumor 
microenvironment and allow cancer cells to adapt to therapeutic 
stress through generating new mutations and other mechanisms. 
Use of BH3 mimetic drugs and dietary compounds for apoptotic 
priming and inhibition of Bcl2-like anti-apoptotic proteins could 
prove beneficial in some situations. Even for somewhat non-spe-
cific agents (such as some dietary natural compounds), selectivity 
in cancer cell targeting could be increased based on a more com-
plete elucidation of signaling pathway activation and information 
of the cancer cell proteome (in a given tumor). Moreover, for 
many of those beneficial agents’ specificity for cancer cells could 
be enhanced through targeted delivery approaches. Recent ad-
vancements in antibody conjugated drug delivery (to target cells) 
could help overcome the healthy cell cytotoxicity arising from sys-
temic administration of various anti-cancer agents.
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Thus, therapeutic approaches that combine targeted therapies 
with somewhat less-specific agents could induce apoptotic pri-
ming and/or inhibit anti-apoptotic molecules and allow selective 
elimination of cancer cells through rapid activation of type 1/type 
2 apoptotic pathways. Various immunotherapeutic strategies (T 
cell, NK cell, B cell/antibody based) have gained significant recent 
attention due to their high selectivity for cancer cells and strong 
apoptosis induction. In the context of immunotherapy, combi-
natorial treatments with inhibitors of Bcl2-like proteins, targeted 
therapies or natural extracts could be beneficial. In addition to 
the type 2 pathway, some immunotherapeutic strategies could 
activate the type 1 apoptotic pathway selectively in cancer cells. 
Targeting of H-Ras signaling pathway combined with liposomal 
TRAIL delivery [37,38] may robustly activate the cancer cell type 1 
apoptotic pathway [11]. We expect rapid elimination of malignant 
cells, presumably achieved through combinatorial treatments, 
to alter the pro-tumor and immunosuppressive phenotype of 
the Tumor Microenvironment (TME) (Figure 1). It may improve 
immune cell migration in the tumor microenvironment (through 
a series of cytokine-chemokine cascades), destroy signaling de-
pendency among tumor cells (including cancer stem cells) and 
the stromal cells in the TME, and alter the stiffness properties in 
tumor microenvironment. Such phenotypic changes  in vivo may 
curtail cancer chemoresistance generation. Therapeutic benefits 
from such precision strategies may range from health-span exten-
sion to complete remission.

Precision medicine for rapid and selective elimination of 
cancer cells in individual patients

Network-based combinatorial strategies (that converge on and 
activate apoptotic pathways) could allow us to achieve selective 
and rapid elimination of cancer cells [39,40], but the precise stra-
tegy is expected to vary in a cancer-type and patient specific man-
ner. Recent cancer omics data indicates cancer-type dependent 
genomic and transcriptomic profiles thus emphasizing the benefit 
of cancer-type specific precision therapies. Yet genomic and trans-
criptomic variability found among tumor samples (for the same 
cancer type) may pose challenges towards search for precision 
therapies. Biomarker information for a given tumor (cellular and 
tumor microenvironmental) could allow patient stratification and 
help develop combinatorial treatment decisions for a given patient.

Genetic/epigenetic/transcriptomic changes detected in diffe-
rent regions of a tumor (including single cell experiments) could 
provide patient-specific information of tumor heterogeneity. Pa-
tient health conditions and existing diseases, such as liver disease, 
autoimmune disorders or immunodeficiency disorders, further 
underscore the need for precision/personalized medicine. Certain 
therapies may help achieve rapid elimination of malignant cells 
but it may also pose increased risk of cytotoxicity to healthy cells. 
Rapidly dividing activated immune cells and stem cells may have 
increased apoptotic susceptibility (often through the mitochon-
drial pathway) and thus could suffer risk of elimination. However, 
cancer-type specific features in the proteomic profiles of stressed 
cancer cells may allow us to achieve rapid apoptotic activation 
selectively in cancer cells. Presence of competing activator/inhi-
bitor proteins and their paralogs (exhibiting affinity variant inte-
ractions) generate complex signaling networks (Figure 2), but it 
may also allow precise targeting of malignant cells. Targeting the 
unique Bcl2 family protein profile in cancer cells is an example of 

such precise targeting [31,41]. In this context, computational ap-
proaches could be applied to search for an optimal combinatorial 
strategy as part of developing cancer precision therapy. We could 
now elucidate regulatory/engineering mechanisms of large and 
complex signaling pathways in silico using computational simu-
lations. Once the simulation model is validated by experimental 
data, controlled in silico studies should allow us to rapidly probe 
the extent of cell death activation (including time-to-death and its 
single cell fluctuations [32] for various therapeutic strategies, for 
both normal and cancer cells. Computational approaches could 
then be utilized towards developing precise strategies for selec-
tive and rapid elimination of cancer cells [40] (Figure 1). When we 
combine potential mutation targets with possible choices of an-
ti-apoptotic inhibitors/sensitizers the number of possible choices 
increases quickly. The number of all possible combinatorial stra-
tegies is expected to increase enormously with the increase in 
therapeutic modalities. Synergistically with genomic/epigenomic/
clinical studies and other biological experiments, computational 
simulations and machine learning/AI could rapidly probe various 
combinatorial scenarios towards searching precision strategies in 
cancer therapy. Various parallel programming methods could help 
in this computational progress. 

Precision medicine for cancer should allow us to reprogram 
the aberrant apoptotic stress response and immune response 
pathways (in a tumor) in a cancer type specific and/or patient 
specific manner. Here we explore some precision/personalized 
medicine options in the context of cancer immunotherapy. Im-
munotherapeutic strategies (such as T cell or antibody targeting 
of tumor cells), in addition to achieving high selectivity, could ac-
tivate apoptosis pathways in a robust manner. Vaccination against 
tumor antigens may induce strong T cell mediated and/or anti-
body mediated immune response. When CD8 T cells activate the 
type 2 apoptosis, tBid mediated activation of Bax is stronger than 
Bid mediated activation, thus robust apoptotic activation could 
be achieved provided the type 2 pathway is sufficiently primed. 
However, impaired T cell activation, such as due to upregulation 
of molecules involved in negative co-stimulation, is common in 
many cancers. Targeting of negative costimulatory molecules has 
shown efficacy in melanoma and some other cancers [42,43]. 
Combined use of CTLA4 or PD-L1 inhibitors and inhibitors of anti-
apoptoitc proteins could be effective in some patients. This type 
of cancer immunotherapy could be supported by agents that 
prime T cell activation, for example, agents modulating choleste-
rol metabolism in CD8 T cells [44]. Such combinatorial therapeutic 
strategies partly rely on epistasis between supporting regulatory 
modes, which could be utilized towards developing precision 
medicine for cancer. Using computational modeling we could si-
mulate various possible scenarios of combinatorial therapies to 
choose an optimal strategy. However, risk of various diseases par-
ticularly for patients with existing diseases needs to be carefully 
evaluated even for such precision strategies designed to achieve 
effective cancer remission. Therapeutic strategies could be per-
sonalized, for example, by assessing autoimmune disease risk in 
a patient based on MHC haplotype and presence of non-MHC 
alleles implicated in autoimmune disorders [45]. For patients at 
risk of autoimmune disorders one may consider targeting signa-
ling pathways impacting cancer cells (and/or tumor microenviron-
ment) to downregulate the expression levels of costimulatory mo-
lecules that negatively regulate signaling on T cells [1,19]. In many 
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cancers, combinatorial therapy based on TRAIL induction and in-
hibitors of anti-apoptotic proteins could be an effective strategy. 
TRAIL induced cytotoxicity is commonly found for Natural Killer 
(NK) cell and T cell mediated elimination of malignant cells, par-
ticularly under cytokine stimulation [46,47]. Additionally, T cell 
released exosomes (lipid microvesicles) could be equipped with 
membrane-bound TRAIL but its impact within tumor microenvi-
ronments needs further exploration [48,49]. Robust activation of 
type 1 and/or type 2 apoptotic pathways seems possible under 
TRAIL based therapy. Engineered ligands similar to TRAIL have 
been developed that bind with various death and decoy receptors 
with variable affinity [50-52] and thus could be advantageous for 
precision medicine. For example, previous studies indicated that 
certain colon and breast cancer cell lines primarily use TRAIL-R2/
DR5 for apoptosis induction [50,53], whereas in some types of 
lymphoid malignancies and pancreatic cancers apoptosis induc-
tion through TRAIL-R1/DR4 have been reported [54,55]. However, 
even for a specific type of cancer death/decoy receptor paralog 
levels often vary significantly among individual patients (cbiopor-
tal.org [14-16]. TRAIL variants selective for DR5 (with lower affi-
nity for DCR2) could be effective for many patients as TRAIL-R2/
DR5 is overexpressed in various cancers (consider the following 
tumor sample: DR4 43.3, DR5 139.9, DCR1 41.2 and DCR2 39.3, in 
TPM unit; sample is for a lung adenocarcinoma patient TCGA-05-
4426-01; cbioportal.org [12-14]. Death/Decoy Receptor (DR/DCR) 
paralog composition on cancer cells (Table S1), as well as on im-
pacted healthy cells, should determine the choice of death ligand 
for treating a specific tumor. Based on our recent studies [11,40], 
kinetic Monte Carlo simulations of cell death activation could be 
utilized to search for optimal strategies involving affinity variant 
TRAIL-like ligands. It might be possible to eliminate cancer cells in 
a rapid and deterministic manner, while slow apoptosis induction 
with large single cell fluctuations should allow protection of heal-
thy cells. Use of membrane bound TRAIL has also been recently 
explored, such as those presented on engineered nanoparticles 
or engineered cells (such as CAR T cells) [38,56]. Such a strategy 
could lead to robust activation of the membrane proximal death 
signaling module in cancer cells and may also curtail growth/sur-
vival pathway activation through TRAIL. Nanoparticle based ap-
proaches may allow selective delivery of TRAIL-like ligands to the 
tumor region to avoid adverse health effects (e.g. induction of in-
flammatory signaling in adipose tissue [57]. Combinatorial strate-
gies are now frequently explored in cancer therapy research. In a 
recent kinetic Monte Carlo based study we have shown combined 
use of TRAIL variants and anti-apoptotic inhibitors could induce 
rapid and selective type 1/type 2 apoptotic induction in malignant 
cells [40]. Based on genomic/transcriptomic-proteomic/clinical 
data for a given tumor-type or patient, computational simulations 
could be utilized to find an optimal combinatorial therapy invol-
ving a specific TRAIL variant ligand and anti-apoptotic inhibitors 
(or agents that prime the cell death pathway). 

In the context of anti-apoptotic inhibitor therapy, high doses 
of a Bcl2 inhibitor may harm activated immune cells, stem cells 
and other healthy cells. However, a lower dose of Bcl2 inhibitors 
combined with natural dietary compounds and/or mutation tar-
geted therapies could achieve required Bcl2 inhibition and cell 
death activation. Progress in stem cell therapy may support the 
application of direct inhibitors of Bcl2-like antiapoptotic proteins. 
In this context, direct inhibition of Bcl2-like proteins by BH3 mi-

metics could be beneficial such as when over-expression of Bcl2-
like proteins is caused by high copy numbers of Bcl2-like genes or 
when resistance to Tyrosine Kinase Inhibitors (TKIs) is emerging. 
Towards achieving high selectivity for malignant cells, the Bcl2 pa-
ralog expressions in a given tumor could be targeted using para-
log selective inhibitors of Bcl2 proteins (BH3 mimetics) [41,58,59]. 
Paralog expression based targeting of Bcl2-like proteins could also 
be effective for selective elimination of cancer stem cells such as 
leukemic stem cells [60]. Choosing one or more options for inhibi-
ting various anti-apoptotic proteins in a cancer type specific and/
or patient specific manner could be part of precision/personalized 
strategies to treat cancer. In various cancers, such as lung adeno-
carcinoma, some patients have been found to exhibit Mcl1 copy 
number amplifications (https://www.cbioportal.org) [14-16], 
which could be targeted through MCl1 specific BH3 mimetics. In 
some patients, targeting KRAS signaling could lead to a reduction 
in the Mcl1 level (Figure S1). Targeting elevated levels of USP9X or 
USP9X-Mcl1 interaction could be effective in some cancers [61]. 
In a general scenario, elucidation of pathways that cause and/or 
sustain overexpression of Bcl2-like proteins, based on genetic data 
and other biomarkers, could help develop rational strategies for 
inhibition of Bcl2-like proteins. In addition to BH3 mimetics, we 
could aim for targeted inhibition of Bcl2 proteins through anta-
gonizing survival/developmental signaling (that sustain Bcl2-like 
protein overexpression), targeting genetic/epigenetic and degra-
dation pathways, and cytokine-based therapy. Another option is 
network based indirect inhibition through targeting other Bcl2 
paralog proteins and/or BIM induction (Figure 2a). In addition to 
biological experiments, one could also computationally simulate 
the complex interaction network of Bid-Bax-Bcl2 paralogs that re-
gulate mitochondrial apoptosis, and assess the potential impact 
of a particular BH3 mimetic inhibitor on healthy and cancer cells. 
In this context, machine learning/AI based models could also be 
developed based on data from biological experiments, clinical 
studies and simulation. Computational approaches could be ge-
nerally useful when searching for precision strategies to optimally 
activate the apoptotic stress response in cancer cells.

Figure 1: Combinatorial precision medicine designed in a cancer-
type or patient specific manner may alter the pro-tumor and 
immunosuppressive phenotype of the Tumor Microenvironment 
(TME).
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Figure 2: Competing activator/inhibitor proteins (and their paralogs) 
generate complex signaling networks in immune response and 
stress response pathways. Apoptotic stress response network for 
(A) mitochondrial outer membrane permeabilization (controlled 
through Bcl2 proteins) and (B) death ligand mediated activation of 
death receptors (controlled through death and decoy receptors); (C) 
T cell activation is meditated through TCR-MHCp interaction, CD28 
(positive) and CTLA-4 (negative) costimulation and membrane lipid/
cholesterol composition.
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